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CubeSats are a class of miniaturized satellites that have become increasingly popular in academia 
and with hobbyists because they have a short development time and low cost. Their compact size, 
lightweight characteristics, and ability to form a swarm enable them to communicate directly with 
one another to inspire new ideas on space exploration, space-based measurements and the latest 
technology implementation. These research missions require desirable antenna designs in order to 
achieve optimal performance. Over the past two decades, many antenna designs have been 
proposed and implemented on CubeSat missions. Challenges arise when designing antennas that 
need a high gain to communicate in a very short contact period. Recently, researchers have turned 
their attention from the reliable and proven whip antenna to more sophisticated antenna designs 
such as antenna arrays to allow for higher gain and dynamic radiation patterns.  
 
This thesis provides a comprehensive survey of CubeSat antennas used in CubeSat missions and 
of a collection of single element antennas and antenna arrays that have been proposed in the 
literature. Tutorials on single element antennas, antenna arrays are developed and 
recommendations for future antenna designs are made. Importantly, a pictorial representation of 
how to select an antenna for different types of CubeSat missions is proposed. To this end, this 
thesis serves both as an introductory guide on CubeSats antennas for CubeSat enthusiasts and 
about state-of-the-art CubeSat antennas for designers in this ever-growing field. However, through 
the review of the existing antenna designs for CubeSat, it is found that most single-element 
antenna designs perform on lower frequency and need to be large to achieve high gains, which 
introduce deployment mechanisms. Besides, they are not able to achieve adjustable characteristic 
and dual-band performance. While antenna arrays are more flexible in terms of steerability, they 
are usually large and need complex deployment mechanisms and introduce higher risk of mission 
failure.  
 
Therefore, in this thesis, six designs of antennas and antenna arrays are proposed for CubeSat. 
They are compact to avoid complex deployment mechanism and can achieve high gains and 
tuneable characteristic to enable more challenging CubeSat missions. In Chapter 4, a dipole 
antenna array cluster and a Yagi antenna array including a numerical analysis are proposed. 
Advantageously, the arrays can be combined to enhance directivity and each array can 
theoretically be used on a separate frequency. Simulation results show that the proposed dipole 
antenna cluster has a high gain of 5.03 dBi and the Yagi antenna array has a total gain of 6.41 dBi. 
 
In Chapter 5, a steerable Yagi antenna are proposed, which consists of three elements lying on an 
FR4 substrate forming an angle with the CubeSat’s surface. The key idea is to mechanically 
control the angle between the proposed antenna and the CubeSat’s surface to achieve steerability 
and hence establish inter-satellite links. A scanning angle of 60 degrees can be achieved which 
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could potentially support a variety of CubeSat missions. Using the similar sweeping mechanism, a 
printed Yagi antenna with frequency tilt operation is also proposed in Chapter 5. This printed 
antenna is mechanically adjustable to realize three functional states at different operating 
frequencies in the L-band and S-band. Three different angle deployments are proposed at 10o, 50o 
and 90o, so that the antenna operates at three different operating frequencies; namely 1.3 GHz (L-
band), 2.4 GHz (S-band) and 3 GHz (S-band). The measured gain of the antenna is 8.167 dBi at 
2.4 GHz, 5.278 dBi at 1.3 GHz and 6.120 dBi at 3 GHz. This antenna design allows the CubeSat 
designers to choose from three popular frequencies through a simple angle configuration.  
 
Lastly, in Chapter 6, two dual-band antennas are proposed and tested. A high gain S-band metal 
frame antenna for CubeSat communication is designed. The main idea is to ground a 60 mm  70 
mm printed antenna on a 100 mm  100 mm metal frame loop. The simulation results show that 
the antenna on a CubeSat can achieve a maximum gain of 10.48 dBi and dual band performance 
on S-band. Then, a folded-end dipole antenna that operates in S-band and C-band for CubeSat 
communication to avoid a deployment mechanism is designed. Simulated and measured results 
show that the proposed antenna has a reflection coefficient that is well below -10 dB at both 
resonant frequencies of 2.5 GHz and 4.7 GHz with measured -10 dB bandwidths of 500 MHz and 
250 MHz respectively.  Moreover, the folded dipole antenna provides a measured gain of 7 dBi in 
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Chapter 1  Introduction 
1.1. Background  
 
Small satellites are important solutions for space missions that are developed with new ideas or 
new devices to avoid spending a huge amount of money. Modern small satellites include several 
types of satellites distinguished by their size namely mini-satellites, micro-satellites, nano-
satellites, pico-satellites, and femto-satellites [1]. Many educational researchers have become 
involved in modern technologies and helped the micro-satellite and nano-satellites to become 
feasible, affordable and significant.  However, pico-satellite with just 1 kg weight are still under 
investigation for commercial applications [2].  
 
Cube satellites (CubeSats) are a type of pico-satellites. The original reference to CubeSat design 
specifications was a proposal developed in 1999, which is proposed by professors Puig-Suari J. 
from California Polytechnic State University and Twiggs B. from Stanford University [3]. Their 
original goal was to educate graduate students developing skills for design, build, test and 
operation of small satellites in Low Earth Orbit (LEO) and to develop some new scientific 
research methods and advanced new space technologies. The first CubeSat was launched in 2003. 
Few CubeSats launched each year before 2013 when most CubeSats were developed by 
universities or research institutions. When commercial applications began to join the fields, the 
number of launches become numbered in the dozens [4].  
 
The smallest CubeSat has a dimension of 10cm × 10cm × 10cm (1U) and has a wet mass of 1.3 
kg. As shown in Figure 1, other available sizes range from 10cm×10cm×20cm (2U) to 10cm ×
 10cm × 120 cm (12U) with a wet mass up to 15.6kg. Table 1 demonstrates the wet weight and the 
dimensions of the CubeSats in each configuration. Because they are small and light, CubeSat 
provides developers with a time- and cost-effective solution for the design of fully functional 
satellites. The development cost is significantly less than for standard satellite missions, because 
CubeSats can be launched as a secondary payload from standardised ejection modules such as the 
Poly-Picosatellite Orbital Deployer (P-POD) [5] or deployed from the International Space Station 
[6], as shown in Figure 2 and Figure 3. Besides, they often employ commercial off-the-shelf 
(COTS) components. By following the developed standard specifications, a CubeSat design can 
be finished within one year which is much more efficient than conventional satellites that require 








Table 1 Size and mass of CubeSats 
Sizes Dimensions Wet Mass 
1U 10cm × 10cm × 10cm 1.3 kg 
2U 10cm × 10cm × 20cm 2.6 kg 
3U 10cm × 10cm × 30cm 3.9 kg 
6U 
10cm × 20cm × 30cm 7.8 kg 
10cm × 10cm × 60cm 7.8 kg 
12U 20cm × 20cm × 30cm 15.6 kg 
 
 
Figure 1 Different CubeSat configurations 
 
 
Figure 2 The e-st@r, Goliat and XaTcobeo CubeSats ready for integration onto the first P-POD. [8] 
 
 





Opposing the advantages of economy and ease, CubeSats have limited functionality compared to 
other larger satellites. Because of the limited size of CubeSats, their light weight, (1.3 kg to 6 kg) 
and limited power budget (e.g., 2 W), a number of challenges are faced when designing the 
subsystems onboard. All components installed on the CubeSat need to be small and light. In 
addition, a part of the CubeSat surface needs to be spared for solar panels which are significant for 
continuous power supply. For instance, fitting an on-board propulsion system [9], large solar 
panels [10], radiators [11], high gain antennas [12] have proven to be challenging tasks due to the 
limited room on the CubeSat [13]. To overcome these limitations, the advancements in printed 
circuit board (PCB) technology [14] and the availability of off-the-shelf components and the 
development of more powerful processors (Field Programmable Gate Array-FPGA) [15] have 
enabled researchers to develop cost-effective CubeSats for various challenging missions.   
 
To date, many CubeSats have been designed, launched and operated successfully at low Earth 
orbit; examples include CanX-1, CUTE-1, and AUU [16]. Many CubeSat missions are purposed 
on graduate student education or even for high school students. They can enable students to 
develop hands-on experience during participation in different stage of CubeSat development. 
Some CubeSats are designed to demonstrate some new technologies in space and some are used 
for testing new systems such as a high data-rate communication systems or new scientific 
techniques. Their scientific missions usually intend to perform simple earth observation or space 
exploration missions such as sending photos of earth, transmitting atmospheric data back to the 
ground, or exploring and measuring a specific radiation belt in space. Recently, the objectives 
have been related to other subjects such as to test drugs in space, which can help scientists to 
investigate and understand the efficiency of drugs in space. 
 
Communications is the ultimate aim of the satellites for without communication no data collected 
can be reported as all CubeSats invariably fall out of orbit and burnup upon re-entry. It is shown 
that the lifetime of CubeSats running lower than 300 km is 0-100 days, and a higher altitude might 
lead to a longer lifetime, up to two years at 400 km [17]. CubeSats need to communicate telemetry 
and sensor data information. This data has been, for the most part, communicated on what may be 
considered as slow data rate links. This is due to two main factors; the low gain antennas that have 
been employed to date and a low transmit power available to the CubeSat.  
 
With the growth of small satellite technologies, these pico-satellites are being endowed with more 
challenging missions and higher expectations in communication abilities. For example, the Firefly 
CubeSat mission developed by NASA aims to explore the relationship between lightning and 
Terrestrial Gamma-ray Flashes (TGFs) in space. Currently, the data collected from Firefly shows 
up to 50 lightning strikes daily; this, however, is not sufficient to answer the mystery of TGFs.  
According to NASA’s investigator Doug Rowland, CubeSats need a higher data rate and even 
longer mission durations [18].  
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1.2. Introduction to CubeSats 
 
As introduced above, a CubeSat is a type of pico-satellite that is cheap to produce and capable of 
limited sensing and communication capability. Because of their limited size and weight, several 
restrictions should be considered when designing a CubeSat and each on-board subsystem. The 
development of CubeSats has enabled the study and testing of novel ideas in the field of low-
power microelectronics, digital signal processing and communication protocols without spending 
millions of dollars. However, pico-satellites whose mass is less than 1 kg are still to be developed 
for commercial applications because they are of very limited size resulting in condensed and 
complex circuitry. This section gives an overview of CubeSats.  
 
1.2.1. Mass and Volume 
 
A small satellite often has limited room for installation of electronics, antennas, payload and solar 
panels. More specifically, large-volume antennas that generally have complex deployable systems 
are more likely to be excluded from a CubeSat mission. Thus, smaller antennas are more likely to 
be approved for launching. Another important factor that influences the choice of antenna and 
antenna design for CubeSat missions is the mass. A typical 1U CubeSat should weigh around 1.3 
kg and largest configuration (12U) can only afford 15.6 kg, as shown in Table 1. Therefore, the 
weight of the antenna should be considered along with the different major weight contributions 
from the payloads, solar panels, core processors, batteries and the chassis of the CubeSat. Failure 
to meet the CubeSat standards in terms of mass limitations would result in failure to launch. 
 
1.2.2. Orbit (LEO) 
 
Most pico-satellite missions take place at LEO, which ranges from about 150 km up to 
approximately 600 km and is below the ionosphere, as shown in Figure 4. Within this region there 
are many science satellites and the International Space Station (ISS) [19]. When orbiting at LEO, a 
CubeSat undergoes different heat inputs and passes through different light ranges. The antenna 
might be designed to radiate certain amounts of power, but it should also be designed to reject any 
power received from unwanted sources. The noise temperature is a parameter which should be 
considered and modelled properly when designing an antenna for space missions where the 
thermal environment is harsh. For example, the Earth can be considered as an ideal blackbody in 
equilibrium that absorbs all the electromagnetic energy and emits energy at the same rate, which 
implies that Earth is an unwanted power source for the antenna. These fluctuations of the external 





Figure 4 Altitude classifications for geocentric orbits 
 
1.2.3. Power System 
 
Another essential part for the satellite system is the power system which is used to constantly 
supply the required power during the operation of the CubeSat. A power budget is one of the 
primary objectives of the CubeSat design. The budget must follow accurate calculations and obey 
certain limitations. Solar power is the main source of the CubeSat power since sunlight is the only 
available energy source in space. Other more extravagant energy sources such as fuel cells and 
radioactive decay units are not practical for CubeSats. The expected power usage of the CPU, the 
radio and the sensors need to be predictable and tightly defined. An optimized power budget is 
required to be developed accordingly.  
 
Many CubeSats use 5 V voltage buses as the core components of the power system, as 5 V 
microcontrollers are common and popular. Voltage of 3.3 V is becoming increasingly popular for 
CubeSat as well. According to [20], the capacity of space grade lithium polymer batteries on 
CubeSat applications can ranges from 1.1 Ah to 1.4 Ah among different suppliers. Reference [21] 
provides a design for a CubeSat bus that can provide 1.3 W power to support some kinds of Earth 
observation missions and makes an allocation of power budget to each subsystems.  
 
1.2.4. Main Processor 
 
The main processor coordinates complex actions taken by different parts within the system and 
provides a stable and harmonious operation environment. The main processor of CubeSats needs 
to be small and consumes little power. Most current CubeSat missions use microcontrollers but 
microprocessors are being considered for future missions. Some common processors such as 
ARMA, PC-104, and H8S-2674R have been chosen by some CubeSat missions [22-24]. 
Processors such as the PIC series and AT91SAM series are also available from providers, namely 
Pumpkin, and Tyvak and have been applied in this kind of small satellite project. Besides, 




1.2.5. Propulsion System 
 
CubeSats may use a propulsion system to realise active attitude control, reaction wheel 
desaturation, drag recovery, orbit changes and proximity operations [26]. Also, a proper 
propulsion system can help a CubeSat to reduce orbital decay and to extend its lifetime. Because 
of the restrictions on CubeSats, their propulsion systems can only be used on specific occasions. 
The propulsion of a CubeSat is required to prevent harm to the primary launch vehicle and to 
consume little energy. The following technologies have been applied on current CubeSat missions: 
solar sail, cold gas, electric propulsion systems, and chemical propulsion systems [27]. The 
designs of propulsion systems are still being developed to push the capabilities of CubeSat even 
further. 
 
1.2.6. Attitude Determination and Control Systems 
 
Attitude Determination and Control Systems (ADCS) for CubeSats are responsible for controlling 
the orientation of the spacecraft from the current attitude to a desired one. Various sensors or 
gyroscopes are used to record the orientation. For example, magnetic coils and reaction wheels are 
applied to provide necessary torques to re-orient the satellite. Generally, two types of stabilisation 
methods are utilised, namely spin-stabilisation and three-axis stabilisation. Spin-stabilisation 
requires one of the satellite axes to be fixed in a specific direction, and then the body of the 
satellite is rotated accordingly. For this method, an initial force will be applied to the body of the 
satellite around an axis and then the satellite will keep rotating because of the moment of inertia in 
space. Secondly, with three-axis-stabilisation, a satellite can be re-oriented and stabilized in three 
different orthogonal axes instead of spinning around one axis. This results in maintenance of a 
fixed attitude relative to earth or a successful inter-satellite link, respectively [28]. 
 
1.2.7. Allocated frequency band 
 
The majority of CubeSat missions are designed to operate on amateur frequencies that are free of 
charge. Specifically, the frequency band allocated for CubeSat includes VHF (30-300 MHz), UHF 
(300 MHz – 3 GHz), S-band (2-4 GHz), C-band (4-8 GHz), and X-band (8-12GHz). Most of the 
existing CubeSat missions operate on 437 MHz and 144 MHz for downlink and uplink 
respectively. However, if the mission requires a wider bandwidth or higher data rate, S band or 
higher frequencies will be in demand. There are some antennas designed for higher frequency 
bands, which is discussed in the next chapter.  
1.3. Antennas for CubeSat 
 
At the heart of any communication system of a CubeSat is the antenna, which is an essential part 
for the function of every single CubeSat. According to the survey in [29], most CubeSat missions 
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use a UHF band, typically at 438 MHz, with possible data rates up to 9.6 kbps. Only a few 
CubeSats use S-band with a maximum data rate of 256 kps, or VHF with a data rate similar to 
UHF. Considering the data rates for a standard mobile phone is 9.6 kbps which is indeed a 
throwback to another era. Therefore, it is important to design a high gain antenna because a higher 
gain results in a higher data rate.  
 
Antennas can be classified by their different types of radiation pattern; isotropic, omnidirectional 
and directional. An isotropic antenna is an ideal reference although it does not physically exist 
since it has equal radiation in all directions. Omni-directional antennas are the first choice for 
inter-satellite links, because it can easily respond to the constant re-orienting or re-positioning of 
CubeSats. But an omnidirectional antenna has equal radiation in a given plane, e.g. the horizontal 
plane where θ=90°, but radiation will drop to zero when outside that plane. The efficiency of 
transmission and reliability of the network cannot be sufficiently guaranteed. Besides, they have a 
relatively low gain, and they are only suitable for short distance communications. Another issue is 
their high-power requirement, which is a challenge as CubeSats have limited power supply. Whip 
antennas or monopole antennas have an omnidirectional radiation pattern. While a directional 
antenna could radiate relatively larger amount of power in specific directions, it is more suitable 
than an omnidirectional antenna when greater power concentration in certain directions are 
demanded. A Yagi-Uda antenna, parabolic antenna, horn antenna, and even inflatable antennas, 
are all able to realise directional radiation patterns. The gain of an antenna is the ratio between 
power radiated in a particular direction from the antenna and the power which would be radiated 
in any direction if the same power was connected to an isotropic antenna. A high gain directional 
antenna is an effective and straightforward way to enhance communication links and improve 
downlink data rates.  
 
However, most antenna designs cannot avoid being large because efficient antenna dimensions are 
related to half the wavelength and the wavelength of the transmit frequency. This is explained by 










Hence, for a typical CubeSat that operates in the VHF (0.03-0.3 GHz) or UHF (0.3-3 GHz) bands, 
the size of antennas on these bands will exceed the CubeSat surface and they need to be folded 
within the CubeSat body and deployed to its functional dimensions once the satellite arrives into 
orbit. An example of this is shown in Figure 5 that shows a whip antenna on a CubeSat in its 
functional dimension but which needs to be folded before launching into space. This adds to 





Figure 5 CAS-3E CubeSat with whip antennas [30]. 
 
Higher data rate links are achieved through higher signal to noise ratios (S/N) and larger 
bandwidths (B). Higher signal reception can be achieved through higher antenna gain. Higher 
antenna gain usually results in a reduction of antenna bandwidth. However, by exploiting the 
operating environment of the antenna, an antenna can be designed to have a higher gain and meet 
the bandwidth requirements of the communications channel. One method of achieving higher gain 
is through an antenna array. An antenna array, or phased array, consists of two or more spatially 
separated individual antenna elements. The signals from each individual antenna are combined in 
a way that the performance compared to a single element antenna is improved. Instead of 
increasing the size of the individual elements, antenna arrays synthesize the radiation 
characteristic of each individual antenna and form a large aperture based on their limited physical 
dimensions. In order to achieve good directivity, it is required that the radiation field from each 
element of the array contribute in the desired direction but cancel each other in other directions. In 
short, an antenna array has the following advantages. Firstly, it has a relatively high gain as 
compared to single element antennas and has better trade-off between antenna size and 
performance. Secondly, an antenna array can enable an electronically steerable beam with 
appropriate feed circuits for the active elements. This can make satellites more versatile. Indeed, 
instead of physically re-orienting a CubeSat to establish a link, its beam can be steered by 
controlling the excitation phase of each element. Finally, it is more flexible in terms of system 
maintenance and recovery as additional elements can be added when the mission needs a larger 
aperture and the failure of a single element may not significantly impact on the overall system 
performance. 
1.4. CubeSat Swarms and Requirements on Antennas 
 
Besides increasing gain and directivity of antenna, another effective method to extend the capacity 
of CubeSats communication, which is attracting increasingly interest, is to have a CubeSat swarm 
network [31]. As shown in Figure 6, a CubeSat swarm is a group of individual CubeSats working 
cooperatively and sharing resources with each other. Interestingly, a subset of CubeSats can form 
a virtual antenna array to realise a larger aperture area with higher reliability. As a result, the 





Figure 6 A four-nanosatellite swarm under the S-NET mission [32]. 
 
Specifically, in deep space the power radiated between CubeSat and the ground station will suffer 
a significant attenuation when traveling between source and destination over a long time. If using 
a point-to-point method, the path loss will lead to a very small volume of data received by the 
receiver under conditions with very limited resources. However, with the method of cooperative 
communications, several CubeSat nodes construct a network in space, and power, bandwidth or 
other resources for nodes can be shared with each other and the data can be relayed between 
satellites to improve efficiency and to avoid large path loss.  Thus, the communication ability of 
each satellite in a CubeSat swarm is improved and the CubeSat arrays need to be designed 
accordingly. In this way, the mission will not be lost if some of the satellites fail but the 
difficulties of coordination, synchronization and orientation are added to the relatively more 
complex system [33]. 
 
Research into large antenna array technology in Deep Space Network (DSN) has been undertaken 
by NASA since the 1960s. The antenna array for deep space consists of elements located in 
different positions far away from each other to form a very large aperture. This array consists of 
many ground-based antennas that are synchronised in time with known locations. This allows a 
deep space signal to be processed at multiple locations, and hence allows the multiple antennas to 
act as a single very large antenna. Edison Demonstration of Small-sat Networks (EDSN) is a 
satellite swarm consisting of eight 1.5U CubeSats [34]. It was developed by NASA and was lost in 
space after launch in late 2015 following the failure of the launch vehicle. The primary purpose of 
this CubeSat swarm is to conduct synchronization and multipoint scientific measurements in space 
and to send data back to ground. It demonstrates the spatial distribution of eight satellites that are 
tens to one hundred kilometres from each other. It overcomes the data throughput bottleneck of 
small satellites by the application of a networked swarm and provides a base for development of 
future satellite swarms. 
 
Researchers from the Jet Propulsion Laboratory propose three kinds of approaches to cooperative 
communications for small satellites swarms in space. Their approaches are applied to a specific 
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case named OLARA/SARA (Observing Low-frequency Array for Radio Astronomy / Separated 
Antenna Reconfigurable Array) which is an ideal test platform for a distributed communications 
system that is related to multiple spacecraft. In this case, a mission of radio astronomy is 
performed by 20 CubeSats located at the Lunar Lagrangian point L1 under low frequency ranges 
from 30 kHz to 3 MHz. Three different technologies were developed; namely, beam-forming, 




With the beam-forming method, the signal from different source could be combined to form a 
unique radiating phase that results in an increase of the total EIRP (Effective Isotropic Radiated 
Power).  In this case, the computation of the phase, intercommunication between CubeSats and 
synchronization transmission need to be taken into consideration; especially at high frequencies. 
When applied to a CubeSat swarm in space, the radiating beam from each satellite antenna will 
have an effect on each other to create a new formation of radiation. In this method, the 
improvement of communications is realized by cooperation of arraying electromagnetic signals 
from different source. Their array simulation results show an increase of combined gain with 20 
coplanar patch antennas at S-band.  But, in this case, several side lobes are generated, which are 
expected to be further solved [35]. 
 
b. Coding and CDMA 
 
The main idea of the coding approach is to repeat a signal transmitted from different sources. Each 
CubeSat would establish communication with the Earth independently by a patch antenna and 
send out the same information using a CDMA access scheme which allows multiple satellites to 
transmit at the same time through the same band. At the receiver side, the received signal would 
need to be decoded and compared by the receiver that added more complexity. Therefore, for 
downlink transmission, LDPC encoders with spread spectrum transmitter are considered. For the 
uplink, BPSK modulation with rectangular and half-sine pulse shaping is applied in the case of the 
20 CubeSat swarm [36]. Considering the existence of the interference between signals from each 
satellite to the others, the coding approach is recommended to be applied for cases with lower data 




The network approach is foreseen as the most promising one. The idea is to regard the CubeSat 
constellation as a network within which data is relayed to the earth from one or more nodes.  The 
masters are expected to be equipped with higher communication capacities than the others, and the 
data are expected to be relayed from these higher data links to the earth. The master-slave and 
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multi-master-slave have a larger bandwidth compared with the peer-to-peer case. However, 
according to the simulation results from the Jet Propulsion Laboratory [35], the master case still 
does not achieve an enough capacity in terms of data transmission, and the maximum bandwidth 
did not reach 3 MHz during their observation. Thus, a higher data link is needed to be established 
which might be accomplished by developing a higher gain antenna, upgrading to a higher 
frequency or introducing an amplifier.  
 
A number of small satellites missions aim for space observation. A constellation of CubeSats is 
able to be designed as a network in space, which could be regarded as a wireless sensor network. 
In Low Earth Orbit (LEO), a satellite sensor network is an ideal technology for many kinds of 
Earth observation purposes in areas of the environment, agriculture and disaster monitoring [37]. 
In addition, in a wireless network system, the broadcast nature of wireless channels makes it 
possible for communicating nodes to cooperate with each other for distributed transmission and 
information processing. In this way, cooperative communications could have channel links like 
MIMO (Multiple-Input Multiple-Output) technologies that can improve the data communication 
speed, communication capacities, and received signal quality through multiple paths [38]. 
Therefore, advanced MIMO technology with high data rates could be considered to support the 
design of cooperative communications for CubeSat swarms. 
 
In terms of communications, a swarm of CubeSats requires reliable and efficient inter-CubeSat 
communication links [39, 40]. Specifically, high-speed inter-satellite links will help to facilitate 
formation-flying missions where CubeSats maintain the desired relative separations, positions and 
orientations. Potentially, the cooperative communication technologies could be combined with 
antenna designs to improve the performance of CubeSat communication in deep space. Inflatable 
antenna with high gain and good directivity is a good candidate for antenna arrays. An inflatable 
antenna and inflatable antenna arrays were designed and tested by the Jet Propulsion Laboratory 
[41]. This antenna is a parabolic dish reflector made with metalized Mylar on one side, clear 
Mylar on the other and feed by a patch antenna. When the patch antenna radiates a beam from 
inside of the inflated volume to a parabolic reflective surface (metalized Mylar), the radio signal 
will be reflected and transmitted across the side with the transparent surface (clear Mylar) to the 
receiver. Their simulation results show the highest 23 dB gain could be achieved at the S-band by 
this inflatable antenna with an 8 dB patch antenna, and the narrow radiation pattern shows good 
directivity. Further actions were taken to explore whether the inflatable antenna arrays are feasible 
for relaying data among satellite swarms. A comparison between estimated antenna gains and 
EIRP of antenna arrays shows the best EIRP values with array of 2, 4, 8, 16 [42]. This preliminary 
study proved the possibility of combining two solutions to achieve a better CubeSat 




1.5. Thesis Aims and Contributions 
 
To date, the antenna designs for CubeSats have some limitations in terms of the trade-off between 
size and performance. As part of the CubeSat program at the University of Wollongong (Figure 7), 
this thesis reports on the study of the CubeSat antenna designs and proposes multiple antenna 
designs for CubeSats that can achieve high gain, directional patterns and avoids deployment 
mechanisms. A comprehensive survey of antenna designs for CubeSats is developed and six 
antenna designs are proposed to provide higher gain, directivity, steerability and frequency tilt 




Figure 7 UOW’s CubeSat. 
 
In particular, the contributions of this study are concluded as follows: 
 
1. A comprehensive survey of CubeSat antennas is presented, which collects and 
compares a number of existing antennas designs for CubeSats. A tutorial of antenna 
designs was developed on single element antennas and antenna arrays and 
recommendations for future antenna designs are made. Importantly, a pictorial 
representation of how to select an antenna for different types of CubeSat missions is 
proposed. To this end, this section serves both as an introductory guide to CubeSats 
antennas for CubeSat enthusiasts and state-of-the-art antennas for CubeSat designers 
in this ever-growing field.  




2. This study proposes a 3x1 dipole antenna array and a cluster of three 31 dipole 
antenna arrays for CubeSats.  Each array can theoretically be used on a separate 
frequency.  Advantageously, all three arrays can be combined to enhance directivity. 
Simulation results show that the proposed antenna cluster has a high gain of 5.03 dBi 
and wide directivity. 
.......................................................................................................................(see Chapter 4-4.1) 
 
3. This thesis proposes a novel design for a high gain printed Yagi-Uda antenna and a 
two-element Yagi-Uda antenna array that can be perfectly attached to 2U or 3U 
CubeSat aluminum bodies to avoid deployment. A numerical analysis of Yagi 
antenna arrays is developed. The simulation results show that the antenna array 
achieves good impedance matching with a return loss of -26.47 dB at the desired 
frequency of 2.47 GHz, a -10dB impedance bandwidth of 134 MHz (2.396 GHz-
2.530 GHz) and has a total gain of 6.41dBi. 
........................................................................................................................(see Chapter 4-4.2) 
 
4. This thesis proposes a steerable Yagi-Uda antenna implemented on a dielectric for S-
band CubeSat communications. The steerable Yagi antenna consists of three 
elements lying on an FR4 substrate forming an angle with the CubeSat’s surface. 
The key idea is to mechanically control the angle between the proposed antenna and 
the CubeSat’s surface to achieve steerability and hence establish inter-satellite links. 
A scanning angle of 60 degrees can be achieved which could support a variety of 
CubeSat missions. The proposed antenna was simulated using HFSS and S11 
measurements were carried out to show its steerability. The simulation results show 
that the antenna provides a maximum gain of 8.877 dBi and a reflection coefficient 
of -16.73 dB at 2.45 GHz with a -10 dB bandwidth of 250 MHz. The measured 
reflection coefficient is -11.9 dB with –10 dB bandwidth of 125 MHz at a resonant 
frequency of 2.45 GHz.   
....................................................................................................................... (see Chapter 5-5.1) 
 
5. This thesis proposes a printed Yagi antenna with an integrated balun for CubeSat 
communications. The printed antenna is mechanically adjustable to realize three 
functional states at different operating frequencies in the L-band and S-band 
respectively. Three different angle deployments are proposed, 10ᵒ, 50ᵒ and 90ᵒ, so 
that the antenna operates at three different operating frequencies, namely 1.3 GHz 
(L-band), 2.4 GHz (S-band) and 3 GHz (S-band). The measured results of the 
fabricated antenna are well matched with the simulation, having frequencies of 2.82–
3.07 GHz, 1.3–1.4 GHz and 2.38–2.57 GHz, with similar radiation patterns. The 
measured gain of the antenna is 8.167 dBi at 2.4 GHz, 5.278 dBi at 1.3 GHz and 
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6.120 dBi at 3 GHz. Keeping within the general theme of cheap off the shelf 
components for CubeSats, this antenna design allows the CubeSat designers to 
choose from three popular frequencies, through a simple angle configuration. The 
main contribution of this work lies with the reconfigurable frequency, relatively high 
gain and simplicity of design. 
........................................................................................................................(see Chapter 5-5.2) 
 
6. This thesis proposes a high gain metal frame antenna for CubeSat communications. 
A 100 mm×100 mm ×5 mm metal frame is integrated with loop antenna on a 60 
mm×70 mm substrate. The simulation results show that the antenna on a CubeSat 
can achieve a maximum gain of 10.48 dBi and dual band performance on S-band. In 
simulation, the reflection coefficients of the proposed antenna are -20.6 dB at 2.4 
GHz with a narrow -10 dB bandwidth of 35 MHz, and -21.3 dB at 2 GHz with a 
narrow -10 dB bandwidth of 40 MHz. The measured results proved that the 
fabricated antenna can operate on dual band centered at 2.1 GHZ and 2.5 GHz with -
19.53 dB and -16.61 dB return loss respectively. The measured radiation pattern is 
well matched with simulation to show feasibility of the fabricated antenna. 
........................................................................................................................(see Chapter 6-6.1) 
 
7. This thesis proposes a dipole antenna design with folded arms that operates at two 
operating frequencies, 2.5 GHz (S-band) and 4.7 GHz (C-band) and fed by a printed 
FR4 substrate. The dipole arms are wrapped around the CubeSat body and do not 
require any deployment mechanism. The substrate is designed to be included inside 
the CubeSat’s body and feed from the inside box. This is important as it provides 
more space on the CubeSat’s surface for solar cells. Simulation and measured results 
show that the proposed antenna has a reflection coefficient that is well below -10 dB 
at both resonant frequencies of 2.5 GHz and 4.7 GHz with measured -10-dB 
bandwidths of 500MHz and 250 MHz respectively.  Moreover, the folded dipole 
antenna provides a measured gain of 7 dBi in the S-band (2.5 GHz) and 7.3 dBi in 
the C-band (4.7 GHz).  
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Chapter 2  Literature Review 
2.1. Antenna Tutorial  
 
CubeSat missions need quicker data delivery and higher data rates to realise more challenging 
missions. Factors that contribute to slow data rate communication include the simple low gain 
antennas that have been employed to date and the low transmit power available to the CubeSats. 
This implies that the core of any communications’ system is the antenna. An antenna, or aerial, is 
defined as an element that is capable of sending and receiving radio waves (IEEE Std 124-1983). 
Technically, antennas are resonant devices and operate efficiently when their geometry and 
impedance characteristics are tuned to a specific frequency. Antennas simply direct energy in a 
specific direction (or in all directions) and do not add or subtract power to a transmitted or 
received signal. An ideal transmitting antenna is one that radiates power without reflecting energy 
back to the feeding circuit. An ideal receiving antenna is one that absorbs the entire incidence 
electromagnetic wave without reflection.  
 
The following section serves as a tutorial on basic antenna theory [43]. Some important aspects of 
antennas are briefly discussed. An antenna is a conductive device that loses energy efficiently. A 
feed circuit supplies the signal to be ‘lost’ into space. Like many other electrical components, 
antennas are able to be modelled as circuits consisting of source, resistance, and reactance. Figure 
8 and Figure 9 show the typical transmit and receive circuits attached to antennas respectively. In 
the transmitting case, the antenna is modelled as a load impedance ZA that is connected to a 
sinusoidal voltage source of amplitude V and source impedance ZG. In the case of receiving 
antenna, the induced currents on the antenna are modelled as an internal impedance ZA and an 
open-circuit voltage V at antenna output. Impedance ZA, ZG and ZL contain their own resistive 
and a reactive part (refer to the following section 2.1.6 Input impedance), which allows us to 
determine (a) the total power produced by the generator, (b) the power delivered to the antenna 
terminals, and the power lost in the generator’s internal resistance based on these circuits. 
 
 





Figure 9  Typical antenna equivalent receive circuits 
 
For perfect power transfer, the input circuit needs to have the same impedance as the antenna 
(Real and Complex resistance). Given that the complex part of impedance is frequency dependent, 
then a certain set of frequencies will result in matching between the input circuit and the antenna. 
Antennas are designed to operate at certain transmit and receive frequencies. The design choice is 
dictated by many factors. They include, but not limited to, standards, regulations and even popular 
and available electronic components. In the following sections, some aspects of different antenna 
characteristics are introduced. But for a more comprehensive tutorial, please refer to [44]. 
 
2.1.1. Antenna Directivity 
 
Antenna Directivity provides an indication of the directional properties of the antenna compared 
with those of an isotropic source. It is calculated by the ratio of radiation intensity in a specific 
direction from the antenna to the average radiation intensity over all directions. Consider a radar 
system pointing to the sky to collect weather information. If we allow the antenna to radiate in an 
isotropic manner, some amount of the power radiated towards the ground will be of no use. 
Therefore, in many applications, it is desirable to concentrate the radiated power along a specific 
direction. In such a case, the antenna is said to have high directive gain. 
 
2.1.2. Aperture Efficiency 
 
An antenna has an aperture that represents the power radiated area. The aperture efficiency is a 
ratio between effective areas and physical area to determine the effectiveness of radiation and help 




        (2) 
Where 𝜀𝐴 is the aperture efficiency, 𝐴𝑒𝑓𝑓 is effective area and 𝐴𝑝 is physical area. 
 




The efficiency of an antenna is a measure to describe how much of the produced power at the 
antenna system is effectively radiated from the antenna. During transmission, losses of the system 
must be taken into account at the input terminals and within the structure of the antenna. Such 
losses may be due to reflections caused by mismatch between transmission line and antenna or 
losses associated with conduction and heat. A high efficiency antenna can radiate most power 
away while less power is absorbed or lost within the antenna and less power is reflected back 
because of impedance mismatch. Mathematically, antenna efficiency, which is also known as the 




              (3) 
 
Where 𝜂𝑒 is antenna efficiency, 𝑃𝑟𝑎𝑑  is power radiated and 𝑃𝑖𝑛𝑝𝑢𝑡 is input power for the antenna 
 
2.1.4. Antenna Gain 
 
The gain of an antenna is the ratio between power radiated in a particular direction from this 
antenna and the power which would be radiated in any direction if the same power was fed to an 
isotropic antenna. Therefore, antenna gain can measure the ability to direct input power into a 
radiation direction and is usually measured in a particular direction at the peak radiation intensity. 
Gain is related to directivity with antenna efficiency factor, both of which are gain components.  
 
G= η D                           (4) 
 
where G is the gain, D is the directivity, η is antenna efficiency factor (0 ≤ η ≤ 1).  
 
2.1.5. Path Loss 
 
Because of factors such as refraction, diffraction, reflection or absorption in transmitting space, the 
power density is likely to reduce during transmission. This reduction is measured by the path loss. 
The calculation of path loss can be obtained by combining the gain of the transmitting antenna and 
the effective area of the receiving antenna. 
 
2.1.6. Input Impedance 
 
Antenna impedance is an important parameter for the design of an antenna. It can be defined as the 
ratio between the voltage and the current at the input of the antenna. The real part of the 
impedance represents the total power including power radiated and power absorbed. The 
imaginary part of the impedance represents the non-radiated power that is stored in the near field. 
A resonant antenna will have a real input impedance with zero imaginary part.  The antenna 
impedance is given by the following equation: 
 




where 𝑍𝑖𝑛 is the antenna impedance,  𝑅𝑖𝑛 the antenna resistance (consists of radiation resistance 
and loss resistance) and 𝑋𝑖𝑛 the antenna reactance.  
 
2.1.7.  Reflection Coefficient 
 
The Reflection Coefficient can be used to analyse how well the transmitter and its antenna match. 
It represents the amount of power lost by means of reflected and returned power. A return loss 
graph often illustrates a curve with the lowest peak point at the operating frequency. This implies 
that when the antenna operates at the desired frequency, no significant amount of power is 
reflected back into the feeding circuit or lost. Figure 10 shows a plot of reflection coefficients of a 
printed Yagi-Uda antenna [45] in Chapter 4. It can be read from the graph that the return loss is -
25.88 dB at operating frequency 2.47 GHz. Bandwidth is calculated from the range of frequencies 
where the return loss is less than -10dB, which ranges from point m1 to point m2. In this case, the 
bandwidth is 138.6 MHz. 
 
 
                  Figure 10 Reflection Coefficient of a printed Yagi-Uda antenna array [45]. 
 
2.1.8. Radiation Pattern 
 
The radiation pattern indicates the distribution of power in the space when an antenna radiates 
around. Three dimensional plots of the radiation are frequently employed to show the performance 
of antennas in various directions. The power density scale is depicted using different colours in the 
plots, where the maximum radiation power is represented by red colour and the lowest one is in 
blue. Radiation patterns and 3D plots are straightforward and are reasonable methods for antenna 
designers to make decisions about the characteristics of the antenna. An example of the 3D polar 








The beamwidth of a radiation pattern is defined as the angular separation between two identical 
points on opposite side of the pattern maximum. One of the most commonly used beamwidths is 
the Half-Power Beamwidth (HPBW) given by the points on the radiation pattern at which the 
power drops to one-half (-3dB) its maximum value. An example is shown in Figure 12. 
 
Figure 12 Antenna Beamwidth 
2.2. CubeSat Antenna Specifications 
 
While antenna design is well understood, there are some challenges when they are to be used with 
CubeSats. In this section, a comprehensive survey of current antennas used in ongoing CubeSat 
missions is presented. In total, a table listing 67 existing CubeSat missions is provided with the 
aim of informing the reader about the different antenna types used for a wide range of space 
35 
 
mission applications. A CubeSat’s typical operation is performed on VHF, UHF or S-band and the 
antennas are placed on one of the CubeSat surfaces. The size of a monopole or a dipole antenna 
designed to operate in VHF or UHF band usually exceeds a CubeSat surface which is 10 cm×10 
cm. From this point of view, when designing antennas for CubeSat missions the following concept 
should be followed: reduce the physical size of the antenna but maintain the desired radiation 
features to meet the communication requirements.  
 
Telemetry, tracking and command, high-speed downlink for payload data, GPS/GNSS signal 
reception and inter-satellite communication links are some of the fundamental functions 
performed by the antenna system. To accommodate those various functions, different antenna 
types are required depending on their frequency ranges and coverages. In order to design CubeSat 
antennas for high-level missions such as inter-satellite communications for distributed CubeSat 
swarms, it is necessary to properly define the specifications based on communications 
requirements, platform or mission aspects [46].  
 
From the perspective of platforms, communications and missions, some necessary specifications 
should be taken into considerations. Generally, a CubeSat design should not present danger to 
neighbouring satellites in the payloads. This requires all of its parts must attach firmly onboard 
during launch, ejection and in operation. Besides its mass and size, designers should consider 
adaptation of parts to accord with launching requirements and employ deployment and 
compactness mechanisms to break the limit of physical conditions of original parts. A deployment 
mechanism refers to an antenna initially stowed inside the CubeSat’s body that will be deployed 
once the satellites reach their predefined orbit in space. As pre-mentioned requirements on antenna 
designs, a communication system of CubeSat need address frequency band, loss, range, gain, and 
bandwidth solutions to ensure reliable communications. Besides, combining the requirements of 
specific missions, the environment of space and the project’s budget is also important. Detailed 
descriptions of each specification can be found in Table 2. 
 
 








   
Mass Light (normally less than 1.33 kg) 
Size Fit the 10cm×10cm size of a CubeSat surface 
Modularity Adapted to the available physical space on one or more CubeSat 
faces other than solar panel areas 
Deployment Deployment mechanism may increase failure risk 
Attitude control Antenna scanning features can compensate for the inaccuracy of 
on-board attitude control systems. 















Frequency band Various bands available. Higher frequency band is easier to 
satisfy the antenna size requirements. 
Range Downlink often from low earth orbit, inter-satellite range 
depends on scale of distributed swarm. 
Gain High data rates require high gains, while decreasing the size of 
antenna may achieve a lower gain. 
Bandwidth Downlink prefer wider bandwidth, inter-satellite link bandwidth 







Exploration margin The antenna beam that is steered within a cone with a certain 
angle 
Space environment Mechanical and thermal constraints of space missions. 
Cost Low-cost materials to reduce budget. 
Polarization Circular polarization is needed in most cases 
 
2.3. Existing CubeSat Antenna Designs 
 
Based on the specifications defined in Table 1, a type of antenna may be selected for a specific 
CubeSat mission according to the communications requirements of the mission and the limitations 
set by the CubeSat standards. The simplest and most commonly used structures of CubeSat 
antennas are wire and patch antennas. Planar antennas have become increasingly attractive for 
small satellite missions because of their low profile and compatibility with other RF and 
microwave circuits. Microstrip patch antennas and slot antennas are two types of popular planar 
designs for CubeSats. A literature survey based on many planar antenna designs and their 
potentials to pico-satellites applications are presented in [47]. Finally, to achieve a high gain and a 
better trade-off between antenna size and radiation performance or to avoid a complex deployment 
mechanism, some antenna designs of special shape, such as conical spiral antenna or inflatable 
antennas, for CubeSat missions have also been proposed by some research teams. Table 3 is an up 
to date and comprehensive list of antenna types used on current CubeSat missions. 
 
Table 3 CubeSat Missions 
CubeSat Missions Antenna Type Primary Objective Size Frequency band Year 
Aalto-I [48, 49] Crossed dipole + patch Test purpose 3U VHF/UHF+S-band 2017 
AAU [50] Two Dipoles Demonstration 1U UHF 2008 
AeroCube-OCSD [51, 
52] 
Patch antenna Demonstration 1.5U UHF 2015 
Aeneas [53] Deployable parabolic 
antenna 
Track global location 
of cargo container 
3U UHF 2012 
AggieSat2 (Known as 
DRAGON 
SAT with Bevo-1) [54] 
Dipole + Patch Test and Education 1U S-band 2016 
ALL-STAR[55] Cavity-backed antenna Education 3U UHF/S-band 2011 
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CubeSat Missions Antenna Type Primary Objective Size Frequency band Year 
Artemis [56] Horn antenna Demonstration 1U L-band/Ku-band 2000 
AubieSat-1 [57] Dipole antenna Test and Education 1U UHF 2011 
AtmoCube [58] Dipole antenna Study of Space 
Weather 
1U UHF 2012 
BeeSat (Known as 
DRAGON SAT with 
AggieSat2) [59] 
Monopole antennas Test Purpose 1U UHF 2009 
BEVO-1 [54] Dipole + Patch Test and Education 1U S-band 2016 
CanX-1 [60] Two monopole antennas 
as a T-shape 
Verify the 
functionality of some 
electronics in space 
1U UHF  
CanX-2 [61] S-band patch antenna + 




3U UHF band/S-band 2008 
CanX-4&5 [62] S-band patch + UHF 
monopole + VHF 
monopole 
Explore formation 
flying in terms of 
tracking error 
accuracy 
1U VHF/UHF/S-band 2014 
CAPE-1 [63] Monopole antenna Education purpose 1U UHF 2007 
CAPE-2 [63] Monopole antenna Education purpose 1U UHF/VHF 2013 
COMPASS-1 [64] One monopole antenna 
and two dipole antennas 
Remote sensing 
demonstrations 
1U UHF/VHF 2008 
CP1 [14, 65] Dipole antenna Experimental purpose 1U UHF 2006 
CP2/CP4 [65, 66] Dipole antenna Energy dissipation 
experiment, CP bus 
test 
1U UHF 2007 
CP3/CP6 [65] Dipole antenna Attitude determination 
and control using 2-
Axis magnetometers 
and magnetorquers 
1U UHF 2009 
CP5 [65] Dipole antenna De-orbiting 
experiment using a 
deployed thin-film 
mechanism 
1U UHF 2011 




1U UHF 2013 
CP10(ExoCube) [65, 
67] 
Dish antenna Measuring the 
elemental composition 
of the exosphere 
3U UHF 2016 




1U UHF 2007 





1U UHF  
Cute-1.7+APD [70] Dipole antenna Technology 
demonstration 
2U UHF/L-band 2003 








2U UHF/L-band 2006 
CXBN-2[72] Quadrature spring steel 
array 
Increase the X-ray 
measurement 
precision in space 
2U UHF/S-band 2017 
Delfi-C3 [73] Monopole/ Dipole Education purposes 3U UHF/VHF 2008 
Delfin3Xt [74] Monopole antennas + System demonstration 3U UHF/VHF/S-band 2008 
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CubeSat Missions Antenna Type Primary Objective Size Frequency band Year 
patch antenna 
DTUSat-1 [75] Turnstile antenna formed 
by 2mm aluminium wire 
antennas 
Scientific, educational 
and long term public 
relations 
1U UHF 2003 
DTUSat-2 [76] Dipole antenna Test and experiment 1U S-band/L-band 2014 
EC0 (UNSW-EC0) Monopole antenna Education 2U UHF 2017 
e-st@r  [77] Deployable dipole 
antenna 
Education 1U UHF 2012 
E1P-2 [18] Monopole antenna Detect the Van Allen 
radiation belts 
1U UHF 2011 
ExoplanetSat [78] Two patch antenna Demonstration 3U S-band 2011 
Firebird [79] Dipole antenna Space weather mission 1.5U+1.5U UHF/VHF 2015 
FireFly [80] Monopole antenna Explore which types 
of lightning produce 




3U UHF 2013 
FunCube [81] Monopole antennas Education 1U VHF/UHF 2013 




3U UHF/S-band 2006 
Goliat [83] Monopole antenna Earth observation and 
near space monitoring 
experiments 
1U UHF/S-band 2012 
GOMX-3 [84] Four Monopole 
antennas/ Patch/ Helical 
antenna 
Demonstration of new 
capabilities of 
nanosatellites 
3U UHF/ S-band /L-
band respectively 
2015 
HAUSAT-2 [85] Dipole antennas Study the scope of 
activities and ecology 
of animals and collect 
space information data 
from a space science 
payload / Education 
1U UHF 2009 
Hermes [86] Monopole antenna Improve CubeSat 
communications 
through the on-orbit 
testing of a high data-
rate communication 
system 
1U UHF/S band 2011 
ICECube [87] Dipole antenna + patch 
antenna 
Validate a new 874 
GHz submillimeter 
wave radiometer for 
cloud ice observations 
3U UHF 2017 
ION [88] Dipole antenna Test purpose 3U UHF 2006 
ITUpSat-I [89] Four deployable 
monopole antennas 
Capture imagery of 
the CMOS payload 
and to study the 
behaviour of the 
passive stabilization 
system of the CubeSat 
1U UHF 2009 
KNACKSAT [90] Two dipole antennas Bus system testing/ 
Earth observations 
1U VHF/UHF 2018 
KUTESat-2 [91] Dipole antennas Demonstrate and test 
purpose 
1U UHF/VHF 2006 
KySat [92] Three monopoles Facilitate inexpensive 
and rapid access to 
space for small 
1U UHF/VHF/S-band 2011 
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CubeSat Missions Antenna Type Primary Objective Size Frequency band Year 
payloads 
M-Cubed [93] Tx Dipole antenna and 
Rx Monopole antenna 
Obtain better 
resolution of colour 
images and education 
purpose 
1U UHF/VHF 2011 
Mea Huaka [94] Monopole antenna n/a 1U UHF 2006 
MEROPE [95] Dipole antenna Measure the radiation 
of the Van Allen 
radiation belts 
1U UHF 2006 
MicroMAS [96] Parabolic reflector + 
Tape spring monopole 
Observe convective 
thunderstorms, 
tropical cyclones, and 
hurricanes from a 
near-equatorial orbit 
3U UHF 2014 
MOVE I (First-MOVE) 
[97] 
Dipole antenna at the 
end of deployable solar 
panel 
Student built amateur 
radio CubeSat 
1U UHF/VHF 2013 
NCube  [98] Monopole antennas + 
patch antenna 
Educational purpose 1U VHF/UHF/S-band 2005 
OPUSat [99] Monopole Demonstration 1U UHF/VHF 2014 
OUFTI-1 [100] Two monopole antennas Educational purpose 1U UHF 2016 
Pharmasat-1 [101] Patch antenna Test drugs in space 3U S-band 2009 
PSSCT [102, 103] Single patch antenna Test solar cell 12.5 cm x 
12.5 cm x 
25 cm 
UHF 2008 




1U UHF 2012 




signal data to support 
earthquake prediction 
3U UHF 2003 
SEDSAT [105] Monopole and dipole 
antennas 
Advance the space 
education mission 
1U UHF 1998 




1U UHF 2008 
SwissCube [107] Monopole antennas Measure the intensity 
of airglow 
1U UHF 2009 
TJ3Sat [108] Monopole antennas Educational purpose 1U UHF 2013 
UNICUBESAT [109] Deployable monopole 
antennas 
Study of a passive 
attitude control 
technique based on 
gravity gradient 
stabilization 
1U UHF 2012 
UWE-3 [110] Monopole antennas A very low power 
consumption of the 
COTS-based system 
1U UHF 2009 
VELOX-PII [111] Dipole Education 1U UHF/VHF 2014 
XaTcobeo [112] Four monopole antennas Technology 
demonstration 
1U UHF 2012 




1U VHF/UHF 2003 
XI-V (CO-58) [113] Dipole Demonstration of 
CIGS solar cells 
1U UHF 2005 
ZACUBE-1 [114] Edge-fed dipole 
(Beacon) 




It can be seen from Table 3 that monopole antennas are the most popular in current missions; 26 
out of 73 CubeSats employ monopole antennas to support communication functions, some of 
which use only one or multiple monopole antennas. Monopole antennas have been widely 
combined with other types of antennas such as dipole and patch.  Among the given CubeSat 
missions, it is very common to employ a monopole antenna in the VHF-band (30 – 300 MHz) for 
uplink communication and a dipole antenna in the UHF-band (0.3 to 1 GHz) for downlink 
communication. It can be seen that, monopole and dipole antennas are still the best choice for 
small satellite missions because of their reliability, simplicity and deployment flexibility. The 
distribution of antenna type versus CubeSat missions are shown in Figure 13. 
 
  
Figure 13 Antenna types used in CubeSat missions 
 
Figure 14 shows a breakdown of the mission types and objectives. The majority of missions 
intended to test and experiment with new technologies in space and to demonstrate the future 
potential of CubeSat capabilities for a range of space missions.  At this point, it is worth 
mentioning that 19% of the investigated missions aimed at educating students in academic 
institutions. Offering undergraduate students opportunities to get involved in a space-related 
project like CubeSats has lately led to a rapid increase in CubeSat launches. Moreover, scientific-
based missions, where the space environment is observed and investigated, proves to be a 































Figure 14 Primary objective of CubeSat missions 
 
In this chapter, the size of existing and previous CubeSats is also recorded in an effort of find the 
overall trend in CubeSat designs. Figure 15 shows the popularity of CubeSat sizes over the 73 
missions under investigation. Most of the CubeSats employed, were of size 1U defined as the 
basic unit for CubeSat design. However, there were fourteen 3U CubeSats which showcase the 































Number of CubeSats for different sizes




Lastly, the frequency bands used commonly in CubeSat missions, range from High Frequency (HF) 
to Ku-band. Figure 16 illustrates the distribution of frequency bands across the investigated 
missions. Table 4 shows the frequency range for different frequency bands in the IEEE standard. 
The UHF-band was mainly used as a standalone operating frequency band or in combination with 
other bands found in 62% and 38% of the missions respectively. The combination of employing a 
UHF antenna for downlink and VHF for uplink capturing (17%) is a relatively popular solution 
among CubeSats missions. In addition, UHF, VHF and S-band were also in five missions 
demonstrating how CubeSats can use multiple antennas to perform different functions of the 
satellite. 
 
Table 4 IEEE standard letter designations for different frequency bands [115]. 
Band Designator Nominal Frequency Range 
HF 3-30 MHz 
VHF 30-300 MHz 
UHF 300-1000 MHz 
L 1-2 GHz 
S 2-4 GHz 
Ku 12-18 GHz 
 
 
Figure 16 Frequency bands of different CubeSats. 
2.4. Single Element Antennas for CubeSat 
 
Single element antennas vary from monopole/dipole antennas to planar, conical, and helical 
antennas as well as more complex structures like the bull's eye antenna. They are easier to 
construct than the antenna arrays but do not achieve as high a performance or overall gain as the 

























Popular frequency bands used in CubeSat missions
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communication subsystem of the CubeSat [116].  As research on CubeSats communication 
systems drew more scientific interest, more complex antennas were introduced. Figure 17 provides 
four popular types of antenna on a 3U satellite body.   
 
Figure 17 Popular Antenna Designs proposed in the literature 
2.4.1. Monopole/Dipole Antennas for CubeSat 
 
Wire antennas on CubeSats generally operate at low frequencies (lower than S-Band) and their 
length might usually pose a space problem. Consequently, CubeSats in a swarm applying wire 
antenna with lengths that are too long may introduce positioning problems when the spacing 
between CubeSats is narrower than the length of the antenna.  
 
Therefore, in most cases, a wire antenna needs deployment after a CubeSat is launched into space.  
Deployment usually involves a composite tape spring [117, 118]. In [119], a 3λ/4 dual band 
monopole antenna was designed to transmit and receive data at the same time. The bad match 
between the demand of frequency and the antenna length was also a problem of this design. Table 
5 includes some monopole and dipole antennas designed for CubeSats. As a conclusion, typical 
gain for a monopole/dipole antenna system is around 2-4dB with desirable frequency at 146MHz 
for uplink and 438MHz for downlink.  
 
Instead of simply employing the monopole antenna in the form of a straight wire, a monopole G-
shape antenna mounted on a CubeSat has been proposed. It consisted of two rectangular wire 
loops with a size related to the wavelength. The size of the antenna was smaller than the size of a 
CubeSat surface, so it could be perfectly mounted and stowed within a CubeSat’s physical 
structure without the need for a deployment system. Three structures were available based on three 
different frequencies at 150 MHz, 180 MHz and 330 MHz. In [84], four monopoles were 
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combined to form a circular polarized isotropic antenna that establish communication at the initial 
stages of the CubeSat deployment. Similar to a monopole antenna, in many instances the length of 
a dipole antenna is a restriction to be solved for CubeSat missions. For example, in [117], a 
deployable dipole antenna using a curved bi-stable composite tape-spring was outlined. The dipole 
antenna operated at 250 MHz, and its total length was 55.88cm, around five times larger than a 
CubeSat edge. 
Table 5 Monopole/ Dipole Antennas for CubeSats 
Type of Antenna Operating frequency Gain Bandwidth Deployable 
Monopole/Dipole   
[117, 120, 121] 
146MHz (uplink) 
438MHz (downlink) 
2-4dB N/A Yes 
G-shape monopole 
antenna (3 structures) 
[122] 
Structure I: 150MHz 
Structure II: 180MHz 










In some designs, monopole and dipole antennas can also be combined in one CubeSat to achieve 
the goals of the mission. In 2002, one of the initial CubeSats namely "XI-IV" to be launched was 
presented where a 56cm monopole antenna was used for the uplink at 144MHz and placed 
vertically to a 35cm (tip to tip) dipole antenna used for downlink communication (telemetry and 
beacon) at 430MHz. Crucial health data was broadcasted constantly via the beacon signal at 
430MHz making it available to hams all over the world [116]. The authors in [120] proposed a 
combined VHF/UHF (144/435MHz) system. Both a dual band dipole and a dual band monopole 
were presented with the monopole configuration acting as a fall-back solution. An LC circuit was 
used as a notch filter in the UHF band to decide whether the dipole or monopole configuration 
were to be activated. Finally, [121] presented a communication system where an S-band 
transmitter along with a UHF dipole as a back-up transmitter was implemented. The downlink 
operated at 437MHz and the uplink at 145MHz using a VHF monopole antenna. 
 
2.4.2. Planar Antenna for CubeSat 
 
Patch antennas are good alternatives to wire antennas, as they have a low profile, do not require a 
deployment solution, are easy to fabricate, are relatively low in cost and have small dimensions. A 
patch antenna is ideal for S-band communication, which is one of the international amateur 
satellite frequency ranges for high bit rates. Patch antennas can be characterized by high gain and 
wide bandwidth. Several S-band planar antennas have been proposed for CubeSats as shown in 
Table 6.  
 
An interesting use of patch antenna can be viewed in [41]. A standard patch antenna is used as a 
feed for a parabolic reflector placed inside an inflatable volume. The patch antenna has dimension 
of 9 cm × 9 cm which complies with the CubeSat standards and its gain is 8 dB at 2.4 GHz 
operating frequency. By adding the parabolic reflector, the antenna gain is increased to 16 dB at 
2.4 GHz. The authors showed that a patch antenna can be used as feed to a parabolic reflector 
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instead of the traditional choice of a horn feed.  
 
Another novel patch antenna design is proposed in [123] where an F-shaped patch antenna is 
under investigation. The results show that the patch antenna can achieve a gain of 8.51 dB at 2.45 
GHz. Furthermore, in [124] a dual-feed, L/S-dual-band-stack patch antenna design is presented. 
This antenna operates in the L-band at 1.57 GHz for receiving position signals from GPS satellites 
and in the S-band at 2.2 GHz for downlink transmission to the ground station. Even though the 
antenna consists of three layers, it weighs less than 120 g and maintains a low profile of 11mm 
which conforms to the CubeSat standards.  
 
Table 6 Patch and Microstrip Antennas for CubeSat 
 
Type of Antenna Operating frequency Gain Bandwidth Deployable 
Inflatable parabolic 
reflector with patch 
feed [41] 
2.4 GHz 16dB N/A Yes 
F-shaped patch 
antenna [123] 












antenna [126, 127] 










1.5 GHz No 
Koch curve fractal 
microstrip antenna 
[128] 
2.3 GHz 4.18 dBi 290 MHz No 
Shorted patch antenna 
[129] 
2.45 GHz 6 dB 900 MHz No 
CWP-feed antenna 
[130] 
2.45 GHz 2.52 dB 550 MHz No 
Tapered-line feeder 
patch antenna [131] 




2.285 GHz 6 dBi 400 KHz No 
Tapered peripheral 
slits antenna [133] 
436 MHz 0.7-1.4 dB 4 MHz No 
 
As the planar antennas gain more interest, some researchers try to make them more flexible in 
terms of their radiation patterns. In [127] a reconfigurable S-Band Patch antenna is proposed as an 
improvement to the previous work done in [126]. The antenna consists of four rectangular patches 
which can generate three different radiation patterns as well as three different polarisations when 
excited in different ways in terms of excitation phase. One of the main objectives of wireless 
communications, and especially satellite communications, is to use multiband or wideband low-
profile antennas [134]. Low profile antennas like microstrip or patch antennas can generate 
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different radiation patterns by just changing the geometry of the patch. A Koch curve microstrip 
fractal antenna is presented which efficiently utilizes the available space by maintaining a wide 
bandwidth [128]. The antenna is attached on a FR-4 substrate with dimensions of 3.5 cm ×4.5 cm 
and has an operating frequency ranges from 2.25 GHz to 2.45 GHz.   
 
2.4.3. Antennas Integrated with Solar Panels for CubeSat 
 
Solar panels represent the main source of power of a CubeSat thus it is important to reserve 
available space for their installation on the satellite body. On the other hand, an antenna is another 
subsystem of the CubeSat that requires instalment space and is also of great importance when it 
comes to mission success in terms of communication. Consequently, integrating antennas with 
solar panels has proved to be a very efficient approach to using a CubeSat’s available space while 
at the same time avoiding the requirement of a deployment mechanism [135]. An integrated solar 
panel-antenna system must keep the received solar energy loss to low levels. 
 
Four types of integration between solar panels and antennas are presented in [136]: 
a. Place patch antennas under the solar cells. 
b. Create slot antennas and deposit solar cells directly on top of them [135]. 
c. Place transparent antennas directly on top of solar cells [135]. 
d. Integrate transparent resonator antennas on solar cells [137]. 
 
However, because of the special environment in space, dielectric resonator antennas cannot be 
operated in a vacuum, and a very high requirement of transparency for transparent antenna might 
lead to uncertainty with their functionality, such as good transparency is somehow realised by very 
thin metal sheet and might lead to large impedance and increased loss. Thus, proposing solar cells 
with patch antennas and slots antennas are two possible solutions for space missions.  Some 
examples of integration of solar cells are presented in Table 7. 
 
Table 7 Transparent Patch and Slot antennas integrated with solar panels for CubeSats 
Type of Antenna Operating frequency Gain Bandwidth Deployable 
Transparent meshed antenna 
[138] 
2.4GHz 5.33-6.16dB 40MHz No 
 
Dual-feed meshed patch antenna 
[139] 
2.4GHz 6.25dB N/A No 
Dual-patch meshed antenna (81% 
transparency) [140] 
2.5GHz 5.09dB N/A No 
L-shaped slots meshed antenna 
(89% transparency) [140] 
2.4GHz 4.4dB 140MHz No 




4dB 15MHz No 






Transparent mesh patch antenna 
[143] 




An example of a meshed patch antenna on a transparent borosilicate glass substrate suitable for 
integration with solar panels is presented in [139]. A meshed patch antenna is similar to a 
microstrip patch antenna but instead of continuous solid patch shapes, some of the metal pieces are 
removed to form a mesh. The design philosophy of slot antennas takes advantage of gaps between 
solar cells by creating radiating cavity-backed slots in these gaps. A slot antenna integrated with 
solar cells is proposed in [141] where a closed loop meander shape slot antenna is wrapped around 
the top half part (1.5U) of a 3U CubeSat for the downlink and another similar slot meander 
antenna is wrapped around the bottom half part for the uplink. The way the slot antenna is 
wrapped around the chassis allows effective instalment of solar cells. Finally, another cavity-
backed slot antenna design can be found in [142]. The design can switch between left handed 
circular polarization (LHCP) and right handed circular polarization (RHCP) by changing the 
on/off states of the installed pin diodes. 
 
2.4.4. Conical Spiral and Helix Antenna for CubeSat 
 
The conical spiral and helix antennas can easily change from a 2D (while stowed) to a 3D 
structure during deployment. By compressing the conical spiral into a panel, it is possible to 
mount the antenna on one of the CubeSat’s surfaces. Once the satellite is launched into space, the 
conical spiral antenna can be easily released and flick up to its functional 3D shape. Challenges of 
this kind of antenna are usually related to feeding mechanisms. Designers need to avoid any 
impedance mismatch and provide a stable deployable mechanism. Furthermore, feeding from the 
top or bottom of the conical spiral shows different radiation performance.  The maximum gain 
direction of this kind of antenna is from the smallest element to the biggest one. In [144] a 
deployable helical UHF antenna is presented. The antenna can be stowed in a 10 cm x 10 cm x 5 
cm package and when deployed it can reach up to 137.16 cm length and 35 cm in diameter. A 5-
turn helix is a feature of the antenna and contributes to achieve the desired gain of 10dBi while a 
2-turn taper helps to improve the axial ratio (< 2 dB). The conductive element of the antenna is 
made of copper adhesive tape. Another design that employs a similar deployment concept is 
described in [145]. A summary of conical spiral and helical antenna designs are shown in Table 8. 
 
Table 8. Conical Spiral and Helical Antenna 
Type of Antenna Operating frequency Gain Bandwidth Deployable 
Helical Antenna [144] 400MHz 13dB N/A Yes 
Hemispherical Helical Antenna 
[145] 
2.45GHz 13.2 dB N/A Yes 
Bottom-Fed antenna [146] 2.2-3.1Ghz 8.4-11.2dB 900MHz Yes 
UHF antenna [147] 300-600MHz >5dB 300MHz Yes 
Quadrifilar helix antenna [148] 250MHz-500MHz 2.56-5.41dB Various Yes 
 
2.4.5. Special Antenna Designs for CubeSat 
 
Table 9 concludes some antenna designs in special shapes other than the previous common 
structures. The “Bull’s Eye” antenna proposed by [149] is basically a patch antenna with grooves 
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in the shape of a bullseye. It is useful for inter-CubeSat communications and it is possible to be 
employed in a CubeSat swarm. In addition, it also has a low profile and high gain. Another special 
design presented in [150] is a dual-band cylindrical dielectric resonator antenna (DRA). In general, 
a DRA presents some interesting features such as small size, wide bandwidth, high radiation 
efficiency and low loss, making them a good alternative for CubeSat integration. The proposed 
DRA utilizes a microstrip line feed and a rotated plus-shaped slot, placed on an FR4 Epoxy sheet, 
to excite the cylindrical dielectric resonator. The resonator has a height of 5mm and a diameter of 
10mm and is placed on top of the sheet. The modes of operation of the resonator determine the 
resonant frequency of the antenna, which in this case is at 7.7 GHz and at 11.4 GHz. The 
simulated and measured results of this design verify the feasibility of using DRAs on CubeSat 
missions. 
 
Table 9 Special Design Antennas for CubeSats 
Type of Antenna Operating frequency Gain Bandwidth Deployable 
Bull’s Eye [149] 60.08GHz 19.1dB 5.06GHz No 
Cylindrical DRA Antenna 
[150] 




2.4.6. Recommendations on Single Element Antennas and CubeSat Missions 
 
Summarised from the previous section, most of the current existing CubeSats employed single 
element antennas. Dipole, monopole antennas and patch antennas are widely chosen as they are 
easy to design and deploy. The deployment mechanisms of whip antennas have been successfully 
implemented on many satellite missions. It is recommended to operate whip antenna on lower 
frequency bands such as UHF or VHF as their wide signal coverage enables tracking and 
telemetry on these bands. However, because whip antennas might be too long, a CubeSat mission 
can design multiple dipole or monopole antennas to avoid complex deployment issues. Whip 
antennas operating on frequencies higher than S-band will have length several times smaller than 
those operating at UHF and VHF. 
 
More challenging applications of CubeSats where the data rate is considerable higher than 9.6 
kbps, require the use of higher frequency bands such as S-band and L-band. Patch antennas on 
CubeSats are ideally operating on S-band implying that the gain of the antenna is high and no 
deployment mechanism is needed. For planar antennas with high gain and wide bandwidth, it is 
recommended to generate different radiation performance through printing slots and designing 
microstrip antennas. 
 
The potential of single element antennas is still being explored and many new structures (other 
than patch and whip antennas) have been developed on several CubeSat missions. However, they 
all aim at optimizing the antenna characteristics within the available space and weight limitations. 
In other words, the design of single element antennas becomes a task of balancing the antenna 
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performance and the limitations imposed by the CubeSat standard. Thus, flexible materials to 
support deployment mechanism need to be investigated for specific antenna designs; a typical 
example is the design of membrane antennas [151] that employ foldable membranes plated with 
conductors.  
 
From the 67 investigated CubeSat missions, it can be concluded that the interest of the space 
community lies in new technology testing, scientific experiments and educational awareness. The 
last factor has played an important role in the advent of CubeSat technology in the recent years as 
CubeSats are now widely designed and built by universities and electronic companies. Exploring 
the universe and learning more about the composition of the atmosphere of the Earth and other 
planets can now be achieved using cost effective solutions such as the CubeSats. From the data 
collected, it can be concluded, that most CubeSats have used monopole and dipole antennas 
operating in the UHF band, while employing multiple antennas has also been successfully applied 
and tested to support a range of functions of CubeSats. 
2.5. Antenna Arrays 
 
There are two ways to increase the directivity and gain of an antenna. The first approach involves 
the increase in the electrical size of the antenna and the second approach is by combining single 
elements in a specific geometrical configuration. It is obvious that the first change is not 
recommended for most single-element antenna for CubeSat specific applications as the available 
area is limited by the CubeSat size standards. The second approach is commonly referred to as 
antenna arrays and is a strong candidate for CubeSat missions when high directivity and gain are 
required. Antenna arrays can be classified according to the spacing between the elements, the 
excitation phase and amplitude of each element, and the radiation pattern of each element [134]. 
The most common implementations of antenna arrays are the linear and the two-dimensional 
planar arrays. Besides, circular arrays and the concept of phased arrays and thinned arrays will be 
discussed in the following sections. 
 
2.5.1. Linear Arrays 
 
Ideally, to get a very directed radiation pattern the field from each element is expected to add 
constructively in this direction and to interfere destructively in any other direction.  To achieve 
this, individual antenna elements can be positioned along the same z-axis to form a linear array as 
can be seen in Figure 18. A parameter called the Array Factor (AF) is used to determine the total 
radiation pattern of an array. The AF is a function of the number of elements, the element 
separation d, the excitation phase β and amplitude of each element. Generally, to simplify the 
analysis the different elements of an array are preferred to be identical [134]. The parameter of AF 
is array-specific and is independent of directional characteristics of each single element. So each 
elements can be modelled as an isotropic point source. Finally, considering the case in Figure 18 
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that shows an N-element linear array with uniform amplitude, progressive phase and spacing 
between each pairs of elements, the array factor can be expressed as 
 
𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)𝑁𝑛=1            (6) 
 
where β is the excitation phase difference between each element and 𝑘 = 2 𝜋 𝜆⁄  is the propagation 
constant. 
 
The total radiation pattern 𝐸𝑡𝑜𝑡𝑎𝑙  can be obtained by utilizing the pattern multiplication rule which 
states that 
𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑠𝑖𝑛𝑔𝑙𝑒_𝑒𝑙𝑒𝑚𝑒𝑛𝑡 ∗ 𝐴𝐹             (7) 
 
where𝐸𝑠𝑖𝑛𝑔𝑙𝑒_𝑒𝑙𝑒𝑚𝑒𝑛𝑡is the field of a single element at a given reference point. 
 
Figure 18  Far-field observation of N-element uniform linear array [35] 
 
Define 𝜑 = 𝑘𝑑𝑐𝑜𝑠𝜃 + 𝛽 the excitation phase. The maximum of the radiation beam could be found 
when φ equals zero. For some applications that demand the maxima radiation beam to be 
perpendicular to the z-axis (𝜃 = 90°), which refers to a broadside array, the value of 𝛽 needs to be 
zero. When the maxima radiation beam is desired to be along the axis ((𝜃 = 0° ∨ 180°)), the array 
is called end-fire. Thus, for 𝛽 = −𝑘𝑑 the maximum beam can be directed towards the direction of 
𝜃 = 0°, while for 𝛽 = 𝑘𝑑 the maximum beam can be directed towards the direction of 𝜃 = 180°. 
Therefore, by controlling the value of the excitation phase difference, the maxima beam could be 
oriented towards specific directions. This function can be observed in the concept of phased or 





2.5.2. Planar Array 
 
Planar arrays can be formed by taking a linear array along x-axis with element spacing dx and 
placing a number N of such linear arrays dy equidistantly apart along the y-axis. Compared with 
linear arrays, planar arrays can provide more flexibility in terms of controlling the shape of the 
array patterns and achieving lower side lobes. They have more controllable parameters and can 
enable the scan of the main beam across the entire space. The array factor of planar arrays could 
be considered as a multiplication between a linear array factor along the x and that along the y-
axis. Geometry of a rectangular array is shown in Figure 19. 
 
Figure 19 Planar array [35] 
Consider an M x N rectangular array on x-y surface with N elements on the x-axis and M elements 
on the y-axis. The distance between each element on the x-axis is dx while the distance between 
each element on the y-axis is dy. The array factor of the M x N planar array could be calculated as 
follows [134]:   
𝐴𝐹 = 𝐴𝐹𝑥 × 𝐴𝐹𝑦 = ∑ 𝑒
−𝑗(𝑛−1)(𝑘𝑑𝑥𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑+𝛽𝑥)𝑁
𝑛=1 × ∑ 𝑒
−𝑗(𝑛−1)(𝑘𝑑𝑦𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑+𝛽𝑦)𝑀
𝑚=1   (8) 
 
Where 𝛽𝑥 = −𝑘𝑑𝑥𝑠𝑖𝑛𝜃0𝑐𝑜𝑠𝜑0  and  𝛽𝑦 = −𝑘𝑑𝑦𝑠𝑖𝑛𝜃0𝑠𝑖𝑛𝜑0 represent the progressive phases 
along each column and row respectively and 𝑘 = 2 𝜋 𝜆⁄  is the propagation constant. 
 
Theoretically, the spacing between each element dx and dy should be less than λ/2, otherwise, 
besides main lobes, some grating lobes will appear. The direction of the main beam could be 






2.5.3. Circular Array 
 
A circular array consists of a number of elements placed along the circumference of a circle. It has 
wide applications and could enable smart antennas [152]. The geometry of a circular array is 
shown in Figure 20. Assuming elements are uniformly distributed along the circular ring, the array 
factor of circular array could be described as  [134]:  
 
𝐹(𝜃, 𝜑) = ∑ 𝑒𝑗[𝑘𝑎𝑠𝑖𝑛𝜃𝑐𝑜𝑠(𝜑−𝜑𝑛)+−𝑘𝑎𝑠𝑖𝑛𝜃0𝑐𝑜𝑠 (𝜑0−𝜑𝑛)]𝑁𝑛=1 ,       (9) 
 
where k=2 π⁄λ  is the propagation constant. 
 
 
Figure 20  Circular array [35] 
 
Currently, there is no CubeSat mission equipped with a circular array. It is not as common as 
linear arrays and planar arrays. Its application on smart antennas is investigated by [153] or for 
more thorough theoretical and mathematical concepts of the linear, planar and circular antenna 
arrays refer to [134]. 
 
2.5.4. Phased Array  
 
Phased antenna arrays can enable the maximum radiation to electronically scan the whole space 
instead of only perpendicular or parallel to the array’s axis (broadside or end-fire). Theoretically, 
by controlling the phase excitation, let us say the progressive phase difference between elements, 
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the radiation pattern of an antenna array can be shaped accordingly. When continuously making 
this change, the radiation beam will be able to scan around.  As phased arrays are capable of 
realising electrically steerable beams, it breaks the limitations of a normal fixed aperture antenna 
that cannot be employed on a removable mission platform. To some extent, it can effectively solve 
the problem of radiation orientation of communication systems on satellite that keep moving in 
space. It also enables some advanced applications for other moving objectives, such as satellite 
television on a commercial airplane. Phased antenna arrays come with many advantages such as 
narrow beam patterns, light weight and faster beam switch [154]. 
 
In practice, the varying of phase differences between each element in an array is often achieved 
with an electronic phase shifter. Phase shifters will assign a series value of complex weights to 
each element that leads to the resultant radiation pattern. The output signal from an array is the 
combination of signals from each element multiplied by their complex weight. Moreover, by using 
the control function of a phase shifter, multiple beams can be produced if needed. When designing 
a phase shifter, the distortion caused by group delay, inter-element interference and beam 
squinting need to be taken into consideration. Furthermore, the operation point of amplifiers may 
influence the bit error rate (BER) with the choice of modulation type and the number of carriers 
employed. Other effects on array performance related to phase shifters are caused by the insertion 
loss envelope and phase accuracy [154]. Typically, the receiver array employs a low noise 
amplifier phase shifter while the transmit array uses a precede power amplifier phase shifter. For 
satellite communication missions, it is desired that a cheap phase shifter and phased arrays that can 
achieve terminals tracking can be found. 
 
2.5.5. Thinned Array 
 
Removing some elements from a large array is a method to obtain a thinned array. By doing this, 
the overall gain of the array will be reduced. It is important to ensure that the beamwidth will not 
be largely affected at the same time. Because the gain is highly related to the area of aperture, the 
reduction of the gain will be proportional to the number and the position of removed elements. 
Using this approach, it is possible to build a highly directive array with low construction cost, a 
simpler array excitation mechanism, and reduced power requirements and power divider network. 
Thus, thinned arrays are appropriate for applications that do not require a high gain but demand a 
narrow directed beam. An application of this kind is a receiving CubeSat antenna because when 
receiving a signal, the antenna gain is not of high importance compared to the transmitting case, 
and having a narrow main beam might reduce the interference of adjacent channels. Another 
application of thinned antennas can be found in the design of interferometer antenna arrays where 
gain can be compensated by integration time increment as resolution is much more significant.  
 
However, thinning an antenna array often leads to deterioration of the radiation pattern. In order to 
preserve the characteristic of the original radiation pattern and minimize the effect of thinning, it is 
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necessary to apply the proper thinning method. More theory on thinned arrays and their 
development have been well summarized by [155], where a number of previous works on thinned 
arrays are reviewed and investigated. Some thinning algorithms have been specifically developed 
for design of small arrays. Methods focusing on how to thin large arrays or to keep side lobes at a 
desired level are presented by [156, 157].  
2.6. Antenna Arrays for CubeSat 
 
To date, most CubeSat missions have employed standard antenna designs like wire and patch 
antennas. The dimensions and the geometry of single element antennas impose limitations related 
to gain, directivity and beam steerability, resulting in a limited attainable data rate and restricted 
capabilities of CubeSat swarms. More specifically, in a CubeSat swarm employing antenna arrays, 
each CubeSat is expected to be capable of electronic steerability of the main beam. As a result, the 
distributed array formed by the swarm can compensate for any gain variations or satellite 
orientation errors [158]. Some antenna array designs suitable for CubeSat missions are discussed 
in the following sections.  
 
2.6.1. Linear Antenna Arrays for CubeSat 
 
A sophisticated Yagi-Uda antenna for CubeSats attached to the eXtendable Solar Array System 
(XSAS) can be found in [159]. Given that the typical dipole configuration results in gain of around 
5 dB, the authors tried to achieve high gain with a 6-element Yagi-Uda antenna array incorporated 
into the deployable solar panels. The design comprises one reflector, one driven element and four 
directors. Experiments showed that the length and spacing of the directors was critical for 
maximizing the gain of the antenna. When deployed, the proposed antenna reaches 1.2 m in length 
while attached to the 30-degree tilted solar panels. At 435 MHz operating frequency, the gain 
obtained was 11.5 dB exhibiting a superior performance compared to the 5 dB gain of a dipole 
configuration. Achieving higher gain in satellite antennas would also allow for higher altitude 
deployment of the small satellites, relieving them from suffering high atmospheric drag. 
 
In 2017, a CubeSat with a quad monopole antenna array was proposed with a communication 
system consisting of a UHF transceiver, RF splitter and a quad 4-monople antenna array. The RF 
splits the RF signal into a phasing network to form a single circular polarized antenna. The gain of 
the antenna array was 2 dB at 436 MHz. LituanicaSAT-2 is part of the QB50 mission which in 
2017 launched a 36-CubeSat swarm to explore temporal and spatial distributions of the parameters 
measured in the thermosphere [160]. In [161], a W-Band 16x32 elements circular polarized 
phased antenna array on a single layer was presented. The antenna operated at 85GHz with 30dBic. 
The antenna also achieved a beam scan of +/-30° using a 4-bit phase shifter at the cost of rapid 
gain drops, especially in the range of -30° to -10°. Overall, the antenna efficiency was more than 




Table 10. Linear Antenna Arrays for CubeSats 
Type of Antenna Operating 
Frequency 
Gain Bandwidth Deployable 
Yagi-Uda on solar panels [159] 435 MHz 11.5 dB 53 MHz Yes 
Quad 4-monopole array [160] 436 MHz 2 dB (Z-axis) N/A Yes 
W-Band 16x32 series fed 
phased antenna array [161] 
85.4 GHz 30 dBic 800 MHz No 
 
2.6.2. Planar Antenna Arrays for CubeSat 
 
First of all, it is important to note that when incorporating an antenna array on a CubeSat, a major 
limiting factor will be the available surface. This factor limits the operating frequency range as an 
antenna array requires a wavelength-specific spacing between its elements. Another issue with 
integrating antenna arrays on CubeSats is the power required for phase shifting techniques [162].  
The proposed design in [162] is an active phased planar array that complies with the CubeSat size 
standards. As the design was tested in an anechoic chamber it was found that it can deliver 5 dB 
average gain at 2.5 GHz and it might be possible to expand the design to a 16-element deployable 
antenna array being able to produce a gain of 11 dB on a 2U CubeSat.  
 
Another design relevant to planar phased arrays on CubeSats can be found in [46]. In this design, 
the antenna array is aimed for Inter-CubeSat communications. It can enable beam scanning as the 
antenna’s beam can be steered within an angle of 40 degrees. The array consists of several 
subarrays. Each subarray contains four patches and has a size of 30mm × 30mm. At a frequency of 
5.8 GHz, the subarray has a gain of 5.1 dB while the complete array achieves a gain around 5.8dB. 
This planar phased array is placed on one of the 1U CubeSat surfaces, and all of its subarrays 
share the same substrate panel and are designed under the same frequency. Furthermore, another 
planar array design compatible with the CubeSat is presented at [163]. More specifically, a 2 × 2 
antenna array is proposed utilising annular patches as a radiation element connected with strips to 
a ring resonator which is functioning as a feeding network. The array presents circular polarization 
at 8.25 GHz with a gain of 13 dB in contrast to a single annular patch where the gain is only 7 dB. 
 
Finally, in [164] a 4 × 4 planar antenna array design is proposed as a feed for parabolic reflector 
antennas for satellite remote sensing applications and especially for the global water cycle that 
affects the Earth’s climate. The design has dimension of 8.7 cm × 7.2 cm and can fit into one of 
the CubeSat surfaces. The proposed array is characterised by dual frequency at 14 GHz and 35 
GHz and vertical and horizontal dual polarization. The design utilizes the concept of aperture-
coupled patch antennas. It is important to note that for lower coupling and lower undesired 
radiation, a thin substrate with high dielectric constant is used for the feed network (RT/Duroid 
6010). On the other hand, a thick substrate with low dielectric constant (RO4003C) is used for the 
antennas as this allows for larger bandwidth. The design is a three-layer stacked one where the 35 
GHz array lies inside the empty space of a 2 × 2 14 GHz subarray. This eliminates the need for 
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independent substrates for the different arrays. Table 11 lists the existing design of planar antenna 
arrays for CubeSat applications. 
 
Table 11 Planar Antenna Arrays for CubeSats 
Type of Antenna Operating 
Frequency 
Gain Bandwidth Deployable 
2×2 Planar Active Phased 
Array [162] 
2.4 GHz 5 dB 100 MHz No 
Planar Phased Array [46] 5.8 GHz 5.8 dB N/A No 
2×2 Annular Planar Array[163] 8.25 GHz 13dB 700 MHz No 
4×4 dual frequency dual 











Deployable reflect antennas are one of the most popular solutions for satellite missions requiring 
high gain in high frequency bands. They can provide high efficiency and support any polarization. 
However, the options for employing deployable reflect antennas for CubeSat applications are still 
under investigation and some novel concepts such as reflectarray and mesh deployable antennas 
have been proposed to solve problems such as scaling and deployable mechanisms.   
 
As shown in Table 12, reflectarrays described in [165] consist of three flat rectangular panels that 
will deploy perpendicular to the side of a feeding bus. They are stacked on one side of the CubeSat 
before flipping out, which bring challenges for the design of thickness of substrate. Their 
deployment mechanism is controlled by simple spring-loaded hinges. Reflectarrays are usually 
lightweight and inexpensive but they are characterised by narrow bandwidth. A novel concept of 
deployable mesh reflector antenna was firstly proposed in [166]. The folded size of a mesh 
reflector antenna is suitable for it to be stored in a 1.5 U volume satellite body, and its functional 
dimension can support a 6 U class CubeSat. Its physical function is similar with an umbrella 
deploying as a parabolic reflector. Compared with a reflectarray, this design can provide a higher 
gain and larger bandwidth but has a larger stowage volume.   
 
There are some designs where a reflectarray is combined with a solar array. In [167] the Integrated 
Solar Array and Reflectarray Antenna (ISARA) is presented as a deployable antenna operating at 
Ka-band which is compatible with a 3U CubeSat and can be used for radar applications in space. 
Radars applications on CubeSats require a satisfactory SNR performance and have their power 
limited to a few Watts. Thus, the antenna gain should not be lower than 35 dB. The design consists 
of three 33.9 cm × 8.26 cm reflect array panels and a microstrip feed. More specifically, square 
reflectarray patches are printed on a 15-mil substrate (εr = 3.00) underneath the solar panels, while 
the feed is composed by a 4×4 element microstrip patch array facing the bottom surface solar 
arrays at a distance of 14.67 cm. A major advantage of ISARA against other deployable mesh 
reflectors or inflatable reflector antennas is that it does not occupy any payload space and is 
extremely lightweight. The ISARA mission was at TRL 5 (Technological Readiness Level) and it 
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flew for five months to reach TRL 7.  
Two years later, following the ISARA mission, the same reflectarray antenna concept was utilised 
in the first CubeSat mission to Mars called Mars Cube One (MarCo) [168]. The CubeSats in this 
mission will be used as a twin communication relay for the InSight mission. More specifically, 
during the EDL (entry descent and landing) phase, InSight will transmit status spacecraft data at 
UHF. Each MarCo CubeSat will receive this data using a circular polarized loop antenna and then 
each CubeSat will transmit at an X-band link to a 70 m Deep Space Network antenna at a distance 
of 160 million kilometres.  The downlink antenna design was modified from the one used in the 
ISARA mission. First, the antenna has a small stowage volume of 0.1U and the deployment 
mechanism utilises hinges for the reflect array and a flip-out feed. The design consists of three 
19.9 cm × 33.5 cm × 1.25 cm reflectarray panels and a 4×2 element microstrip patch feed. The 
reflectarray panels are designed on a Rogers RO4003 woven glass-reinforced hydrocarbon 
ceramic material with thickness of 0.812 mm and a constant of εr = 3.55 while the spacing of the 
elements is 1.168 cm and 1.189 cm in the x and y direction respectively.  The spacing of the 
patches and the thickness of the substrate were chosen by considering the concept of reducing 
substrate thickness and reflect array spacing to achieve a desired antenna depth and sufficient 
bandwidth [169]. The MarCO 6U CubeSats will demonstrate the suitability of CubeSats for deep 
space missions and the importance of high gain antennas and folded panel reflectarray for high 
data rate communication and science mission. 
 
Finally, another reflectarray design suitable for a 6U CubeSat can be found in [170]. The design 
consists of 15 reflectarray deployable panels forming an array of 255 × 212 of size 81.8 cm × 98.4 
cm elements, a feed horn, three telescoping waveguides, a rectangular hyperboloid subreflector, a 
rectangular-to-circular waveguide and three struts to align the subreflector with respect to the feed. 
The simulated gain is found to be 48 dBi at 35.75 GHZ with an aperture efficiency of 44%. 
 
Table 12 Reflectarray Antenna for CubeSats 
Type of Antenna Operating frequency Gain Bandwidth Deployable 








Mesh reflector [166, 171] 35.75 GHz 42.6 dB N/A Yes 
Integrated Solar Array and 
Reflectarray 
Antenna (ISARA) [167] 
36 GHz 33.5 dB >100 MHz Yes 
MarCO [168] 8.425 GHz 29.2 dBiC 50 MHz Yes 
Cassegrain reflect array 
[170] 
35.75 GHz 48 dBi N/A Yes 
 
2.6.4. Log-periodic Crossed Dipole Array 
 
Dipoles and wire antennas have been one of the most popular designs used in the CubeSats. A 
disadvantage of employing dipole antennas is the fact that they do not exhibit circular polarization 
unless crossed together which makes the antenna more flexible in terms of capturing 
electromagnetic waves and also more insensitive to signal degradation from harsh weather 
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conditions. Thus in  [172] a log-periodic crossed dipole array is proposed. This design could be a 
major candidate for CubeSat space communications because of its directed radiation pattern, high 
gain and wide bandwidth. The antenna is fabricated using a curved composite bi-stable tape spring 
which will allow for very compact and small stowed volume and a simple roll-unroll deployment 
mechanism.  Moreover, each dipole element should be crossed with one another and the 
differences between dipole pair lengths are calculated on a log-periodic scale. Finally, the 
multiband operation of the antenna elements result in an antenna array with wideband operation. 
 
2.6.5. Slotted Waveguide Antenna Array  
 
An antenna design that can be used as a Synthetic Aperture Radar (SAR) for remote sensing 
applications can be found in [173]. More specifically, a low profile, high efficiency and high-
power capacity parallel-plate slotted waveguide antenna array design is proposed. First of all, the 
radiating slots are located on the wall of a waveguide. The antenna system consists of two layers. 
The first layer is a RF feeder panel and the second is an aluminium parallel plate with slotted array. 
There are six square antenna panels that can be folded into three adjacent CubeSat surfaces and be 
deployed as a large rectangular panel. Each single panel weighs around 1kg, has dimensions of 0.7 
m × 0.7 m and has multiple coupling slots that are not paralleled with each other.  When deployed, 
the antenna array is 4.9 m in length and it can achieve a gain of 34.9 dBic at 9.56 GHz. To 
summarise, the proposed design is suitable for small satellite applications but improvements can 
be made to reduce system loss because of the complex structure.  
 
2.6.6. Inflatable Antenna Array 
 
Inflatable antennas can realise CubeSat interplanetary missions as they can increase the achievable 
data rate and antenna gain [41]. The use of inflatable antennas for cooperative communication and 
to form antenna arrays is investigated in [174]. Such arrays could be used to relay information 
from different places in the solar system and enable CubeSat missions in Geostationary orbit 
(GEO). The technique of forming a beam from several inflatable antennas installed on different 
CubeSats is investigated. The gain of the array with n inflatable antennas is increased by a factor 
of n2 minus the losses of the system. The gain of the array is also increased by increasing the 
diameter of the individual inflatable antennas in the array. On the other hand, when employing the 
beam-forming technique, atomic clocks may be required to synchronise the transmission and the 
inter-satellite communication. 
 
2.6.7. Retrodirective or Self-Steering Antenna Arrays 
 
CubeSat is an emerging and rapidly growing technology that might replace conventional big 
satellites. Several CubeSat missions involve the deployment of CubeSat swarms which can 
overcome the capabilities and functionalities of larger satellites. To accomplish this, an efficient 
crosslink is required for inter-CubeSat communication. An interesting solution to this can be given 
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by employing retrodirective arrays (RDA) to make the CubeSat network dynamically 
reconfigurable [175]. An RDA can be considered as an alternative beam steering antenna design 
for pico-satellite applications. The potential of self-steering antenna array applications for 
distributed picosatellite networks is investigated in [176]. When it receives an incoming radio 
signal, a self-steering antenna (also named a retro-directive antenna)  can sense and record the 
direction where the signal came from and then send an outgoing signal in that same direction. An 
RDA has the advantage of not requiring prior knowledge of the position of the intended receiver 
and the steering is performed at the hardware level which eliminates the need for complex digital 
signal processing. The main challenge that comes with the integration of RDA into CubeSats is the 
power limitation imposed by the nanosatellite platform. In [175] the design is divided into three 
modules: the Detection of Arrival (DOA), the communication array, and the Tracking and 
Steering control. First of all, the antenna array consists of four micro patch elements spaced at half 
wavelength distances and fabricated on a Rogers RT/Duroid 6002 substrate operating at 9.67 GHz 
for receive mode and at 9.59 GHz for transmit mode. The DOA array utilizes the null scanning 
technique for power detection and this information is used by the control module to retrodirect a 
signal back to the interrogator (where it came from). The overall design is composed of two 4-
layer PCBs; one for communication purposes and one for the power detection. Finally, the four 
element 1-D RDA was designed to fit a 1.5U CubeSat and consumes 1Watt of power, which 
complies with the CubeSat standards. 
 
Moreover, in [177] another RDA design was proposed that eliminates phase shifters. This design 
consists of a cross-shaped patch array with a total of eight elements printed on a Rogers TMM3 
substrate and a quadruple subharmonic mixer utilizing anti-parallel diodes as a mixer. The reason 
why quadruple subharmonic mixing was used is to achieve phase conjugation. Phase conjugation 
is a technique used to achieve retrodirectivity without any use of phase shifters appearing on 
phased antenna arrays, and to relax the requirement of a high frequency local oscillator (LO). The 
retrodirective array operates at 10.5GHz and the array spacing is at 1.38 cm; it demonstrates 
circular polarization and two-dimensional steering [178]. 
 
2.6.8. Interferometer (large antenna array) 
 
The research about antenna array technology in a Deep Space Network (DSN) has been 
undertaken by NASA from the 1960s [151]. The antenna array for deep space consists of elements 
located in different positions far away from each other to form a very large antenna aperture. 
Generally, a large antenna array plays the role of the receiver that receives the signals from a deep 
space source. By combining the signals received by each element according to their coherence and 
incoherence among noise signals, a high SNR can be achieved. As a result, the signal to noise ratio 





Compared to an antenna array installed in a single CubeSat, as mentioned in previous sections, 
this large antenna array is formed by combining many CubeSats located in different locations. 
This may introduce synchronisation problems as each CubeSat runs on a different clock. Therefore, 
when performing the signal synthesis, it is necessary to solve the problem of phase correlation, 
time synchronisation and delay compensation. An example of a CubeSat swarm network is 
realized in the QB50 project, which is a collaboration among 50 different multi-national partners. 
The resulting cooperative QB50 CubeSat network is envisaged to have higher functionality than 
conventional satellites.  
 
Another example of an interferometer antenna array is a Very Large Array (VLA) located in New 
Mexico of the Unite Sates [179]. It consists of 27 steerable antennas forming a three-arm array in 
the shape of letter ‘Y’. The largest distance between antenna elements to the centre of ‘Y’ is up to 
21 km. A range of operating bandwidth is available in this large receiving system from 50MHz to 
97 kHz.  
 
2.6.9. Arraying Techniques and Correlation Algorithms 
 
There are five basic arraying techniques: Full-Spectrum Combining (FSC), Complex-Symbol 
Combining (CSC), Symbol-Stream Combining (SSC), Baseband Combining (BC) and Carrier 
Arraying (CA). Full-Spectrum Combining can achieve an optimized remote sensing performance 
[180].  It can be used in the case of a weak carrier signal that is hard to track with a single antenna. 
The gross signal delay and phase offset between antennas are adjusted before signal combination 
from geometry calculations. The residual relatively delay, and phase can be estimated from signal 
cross-correlation of each individual antenna.  
 
There are several correlation algorithms that can be employed in antenna arrays. The Eigen 
algorithm can maximises the SNR from complex weights but the computational complexity is 
proportional to the number of antennas squared [181]. Furthermore, the SUMPLE algorithm can 
be applied to weak signals by using cross-correlation of each antenna element. The number of 
iterations of SUMPLE is proportional to the number of antennas [182]. To decrese the combining 
loss introduced in SUMPLE the Matrix-Free (MF) algorithm can be used [183]. Based on 
SUMPLE and MF algorithms, a new method named the variable step-size Matrix-Free power 
(SVS-MF) method was proposed by National Laboratory of Science and Technology on Antennas 
and Microwaves in Xidian University [184]. Besides using the cross-correlation of each antenna, 
this method computes the variance of weights and updates data for each iteration, thus achieving a 
low combining loss for very weak signals with high convergence rate.  
 
To conclude, a high-performance correlation algorithm is equally significant to the geometry and 
aperture of the antenna array for a successful deep space CubeSat swarm. Based on the existing 
algorithms, improvements could be made in terms of reducing the computational complexity and 
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to further improve the Signal to Noise Ratio at the receiver.  
 
2.6.10. Recommendations on Antenna Arrays 
 
With the development of the picosatellite applications, the requirements of the communication 
system for small satellite increase. High gain directivity, wide bandwidth and high data rates are 
demanded to support more challenging communication missions. Antenna array, which combines 
single antennas under proper geometrical configurations, can replace the traditional single element 
antenna and be a potential candidate to realise capable communication purpose.  
 
The application of antenna array on the CubeSat can be achieved in the two ways. Firstly, an 
integrated antenna arrays consisting of multiple elements are placed on a single CubeSat, but a 
deployment mechanism needs to be installed to fit its large profile before launched. Secondly, 
each CubeSat in a satellite swarms carries a single element antenna, and multiple single element 
antennas can form an arraying network. In this way, clock synchronisation between each CubeSat 
is necessary and important to ensure the proper function within the antenna array. The challenges 
of antenna array implementations involve with the phase shifter for beam steerability and complex 
deployment mechanism. Thus, to date, most missions of CubeSat employ single element antennas, 
and antenna array for the CubeSat is still under research.  
 
Currently, progress of antenna array for small satellite are making, which can be seen from the 
mentioned designs in the previous sections. Specifically, a slotted waveguide antenna that 
provides high gain can be used for radar and remote sensing. A reflectarray can be a candidate for 
deep space communications because of its ability of relaying data over a long distance. Lastly, the 
inflatable antenna is proven to be feasible to form an array and realises interplanetary CubeSat 
missions with beam forming capabilities.  
 
In a CubeSat swarm, the intersatellite links (ISL) can be established by employing retrodirective 
antenna arrays. The RDA can even provide higher capabilities than conventional big satellites. As 
shown in Figure 21, the operating frequency of antenna arrays are higher than that of single 
element antennas, which covering S-band to W-band. Most of the antenna arrays are designed for 
the X-band or Ka-band.  
 
2.7. Comparison of Single Element Antennas and Antenna Arrays 
 
2.7.1. Operating Frequency and Bandwidth 
 
Examining the aforementioned antenna designs, it is concluded that most of the single element 
antennas, including whip antennas, patch antennas, helix antennas and other special antennas, are 
operating on UHF, VHF or S-bands. More specifically, monopole and dipole antennas are more 
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likely to be designed on UHF and VHF bands while patch antennas and microstrip antennas 
usually operate on S-band. Very few special antennas, such as bull’s eye antennas, might aim for a 
much larger frequency up to 60 GHz. On the other hand, on the antenna arrays a large diversity of 
operating frequencies is observed. As presented in Figure 21, although a part of antenna array 
aims for UHF or VHF, most of investigated designs operate on much higher frequency bands such 
as X-band, C-band or Ka-band. As far as the bandwidth is concerned, single element antennas and 
antenna arrays can offer a bandwidth within the range of 400 kHz to 1.5 GHz and 50 MHz to 1.7 
GHz respectively while some special antenna designs turn out to be extremely wideband with a 
bandwidth as high as 10 GHz. Nonetheless, there is no unique characterisation of bandwidth that 








Single element antennas and antenna arrays designed for CubeSats show different gain 
characteristics. The use of single element antennas on a space restricted platform like the CubeSat 
greatly limits the mission’s high gain potential. Design of monopole, dipole and planar antennas 
provide a gain between 2 dB and 9 dB. Furthermore, when a deployment mechanism is included in 
the antenna design the gain of single element antennas can be increased. Example designs are 
conical spiral, helical and the inflatable antennas. In such designs the antenna size, when deployed, 
can be much larger than the CubeSat itself, thus the gain can reach 16 dB. The gain of the antenna 
can reach even higher value in the case of antenna arrays. For instance, in the case of reflectarrays 
the gain can grow up to 48 dB. A comparison of the achievable gains of single element antennas 
and antenna arrays is illustrated in Figure 22. As expected, the antenna arrays offer higher gain 
compared to single element antennas by efficiently combining the radiation patterns of different 




















Figure 22 Gain of single element antennas and antenna arrays used in picosatellite 
 
2.8. Lessons Learned 
 
The type of antenna can be decided based on the CubeSat mission requirements which is one of an 
initial consideration for CubeSat designers. The research shows that single element antennas is 
mostly used for current CubeSat missions, especially for purpose of education, scientific and 
demonstrations. While antenna arrays that can provide superior gains and flexibility of beam 






Figure 23 provides a guide to antenna selection based on the researched CubeSat missions and 
their antenna types, which is firstly classified by mission types and then frequency bands. 
Monopole and dipole antennas are most popular types for UHF and VHF band. For education 
purpose, monopole and dipole antennas are most selected not only because of their simple 
structure but their usage on CubeSat has been conducted by various research group and developed 
to be a mature application. Besides, patch antenna is normally selected for educational purposed 
on S-band, because they are small and simple to fabricate. For scientific purpose, S-band and L-
band come into field which introduce conical and helical antennas that can provide high gains but 
easy to deploy. For more challenging missions of test purpose, antenna arrays are demanded to 
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Figure 23  Antenna selection guide for different CubeSat mission 
2.9. Chapter Conclusion 
 
This study investigates different antenna designs for CubeSat in terms of single element antennas 
and antenna arrays. An introductory tutorial on antennas and antenna arrays and a generic CubeSat 
background is presented to provide newcomers with fundamental knowledge of CubeSat 
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technologies and antennas. Furthermore, an abundance of CubeSat missions are reviewed and their 
antenna specifications and characteristics are extracted and tabulated. In addition, a survey of 
recent antenna and antenna arrays designs is conducted with the aim of capturing the current as 
well as the future CubeSat trends for antennas. 
 
Single element antennas can be classified as whip antennas (monopole or dipole), patch antennas, 
antennas integrated with solar panels, inflatable antennas, conical spiral antennas, helical antennas 
and some special-design antennas. Whip antennas are good candidates for downlink antennas as 
they are relatively easy and cheap to construct. Monopole and dipole antennas, along with a 
deployment mechanism, are popular among current educational and scientific CubeSat missions. 
On the other hand, planar antennas present a number of advantages over their monopole/dipole 
counterparts. First of all, they have a low profile, higher gain, and eliminate the need of a 
deployment mechanism. Planar antennas can be placed on any of the CubeSat surfaces and operate 
mostly on S-band. Moreover, printed antennas on the solar panels have similar characteristics to 
patch antennas but their advantage is that they do not occupy any payload or chassis space. Planar 
antennas are currently being used in test and demonstration CubeSat missions, which make them 
very likely to soon replace their monopole/dipole counterparts. Inflatable, helical and conical 
spiral antennas are currently under research but only the helical antenna design was found to be 
used in a current CubeSat mission. Such antenna designs require a deployment mechanism but 
they present superior gain characteristics from the whip or the planar antennas, so they are 
recommended for test and demonstration missions.  
 
As far as the antenna arrays are concerned, current research is more focused on reflectarrays and 
planar arrays and on different arraying techniques and correlation algorithms. Antenna arrays are 
more likely to be used for deep space or interplanetary mission. Besides that, as the CubeSat 
technology is progressing at an exponential rate, CubeSat swarms, like the QB50 mission, are not 
a distant future. When forming swarms, two of the most important things to consider are an 
effective inter-satellite link and accurate synchronisation between CubeSats. For that reason, 
RDAs present a strong future candidate for achieving an effective ISL. All in all, the flexibility of 
antenna arrays designs, their beam steering ability, their high gains and the potential for 






Chapter 3  Method and Methodology  
 
3.1. Simulation in HFSS 
 
In this study, all of the designs of antenna were simulated by ANSYS HFSS [185], which is a 
high-performance full-wave electromagnetic field simulator. The High Frequency Structure 
Simulator (HFSS) is used to build and simulate arbitrary 3D models of high-frequency electronic 
products such as antennas, antenna arrays, RF or microwave components, high-speed 
interconnects, and printed circuit boards. For antenna designers, ANSYS HFSS offers a way to 
virtually design and evaluate proposed antennas and manufactured designs. With a wide range of 
high frequency and multiple solver techniques, besides the antenna itself, interaction with the 
system’s environment and the feasibility of feeding methods are all available to be tested.  
 
Specifically, when dealing with complex problems such as antenna interaction with other 
components or limited channel bandwidth, HFSS’s tools can present effective automatic and 
accurate solutions. Through plotting a variety of characterizations including gain, directivity, 
input impedance, polarisations, and return loss we can easily analyse the antenna performance in 
a model. Besides, the function of overlay antenna radiation patterns on model geometry can 
show the resulting direction of the antenna’s radiation. By setting up a sweep frequency, the 
resonant frequency can be easily identified. Parametric analysis is also available to optimise the 
antenna dimensions through one simple run of the simulation. 
 
In this section, the processes of building and running an antenna design in HFSS are presented 
by taking the simulating of a simple patch antenna as an example. The simulation results are 
shown to provide a vision of the antenna performance. 
 
3.1.1. An example of simulating a patch antenna 
 
Figure 24 shows the main workspace window of the Ansoft HFSS, which contains several panels 
such as project manager, 3D modeler window, and message and progress window. The project 
manager window is shown in Figure 25. The design needs to be finalised through a complete 3D 
model, boundaries, excitations and analysis setup. To view and analyse simulation results, it is 
necessary to set up the options in results and radiation field. The setup of field overlays can 





Figure 24 Main workspace in HFSS 
 
 
Figure 25 Project Manager in HFSS 
 
The 3D model of the design should be drawn in modeler window in Figure 26. Through drawing 
various 3D shapes such as cubes, cylinders and 2D sheets in rectangles or circle, any designs 
with any dimensions are able to be built. In this example, the simulation of a patch antenna is 
presented.  In the model, besides the antenna, a radiation box that is larger than the structure of 
the antenna and can surround the whole antenna was also built and assigned to be a vacuum to 
simulate the free space environment.  The material of substrate in the antenna model is assigned 
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to be FR4. All variables of the 3D model can be set through the properties window shown in 
Figure 27. It allows the designer to make a pre-defined list of variables with names and values, 
and then simply build the model with desired dimensions by entering the variable names in the 
properties list. In this way, it is easier to make changes from the properties window instead of 
finding the corresponding structure.   
 
 
Figure 26 Modeler window in HFSS 
 
 
Figure 27 Properties window in HFSS 
 
After completing the modelling, the solution setup needs to be completed before analysing the 
model. From the “Analysis” in the project manager window, the solution frequency and 
frequency sweep can be edited as shown in Figure 28 and Figure 29. The sweep frequency is set 
to a range that the analysis works on and which needs to cover the resonate frequency of the 
antenna design. When the analysis process finishes, the results of the radiation pattern or 3D 
polar plot can be generated on the solution frequency, and some rectangular plots, such as S11 





Figure 28 Solution setup window 
 
 
Figure 29 Frequency sweep window 
 
Before generating the results report of 3D polar and to get the right far field radiation sphere, the 
range of 𝜙 and θ need to be setup from the “Radiation” option in the project manager window as 
shown in Figure 30. In this example, both the range of 𝜙 and θ were set to be 0ᵒ to 360ᵒ in order to 





Figure 30 Far field radiation sphere setup window in HFSS 
 
After completing the analysis, the results reports can be generated. Figure 31 shows a rectangular 
plot of S11. The reflection coefficient of the sampled patch was achieved -19dB at resonant 
frequency 2.45 GHz, and the -10 dB bandwidth is 55 MHz. Figure 32 shows the rectangular plot 
of Z11 from 1.5 GHz to 3.5 GHz. At 2.45 GHz, the imaginary part is -4.2 and the real part is 75 
Ω, the input impedance of the designed antenna is 75 Ω - 4.2 j.  
 
f 




Figure 32 Input impedance plot of the example patch antenna 
 
Figure 33 is the 3D polar plot of the simulated antenna. It can be seen from the red part that the 
highest gain is 2.94 dB and the direction of maximum gain is along z-axis. In Figure 34, a 2D 
radiation pattern of plane phi = 0ᵒ was plotted on 2.5 GHz, which shows good directivity of the 
sample antenna. The radiation pattern can be plotted on the 3D model of the built antenna, as 
shown in Figure 35, and the direction of the radiation related with the antenna geometry can be 
easily observed. For this design, the direction of maximum radiation was along the x-axis from 








Figure 34 Radiation pattern of the example patch antenna 
 
 
Figure 35 Plotting the radiation pattern on the model in HFSS workspace 
 
The current distribution of E-field of the antenna elements can also be plotted on the 3D model 
in workspace, as shown in Figure 36. 
 
This section demonstrates the process of simulating an antenna design using HFSS and presents 
a couple of results including reflection coefficient, input impedance, radiation pattern, and 
current distribution that can be generated through the software. All the simulations of the 
following proposed antenna (Chapters 4-6) are finished by HFSS following the process outlined 




Figure 36 Current distribution of the example patched antenna in HFSS 
 
 
3.2. Measurement in Anechoic Chamber  
 
An anechoic chamber is a room designed to minimize the internal reflection of sounds or 
electromagnetic waves, and to eliminate external noises. The chamber can be used to simulate 
the condition of free space at an acceptable level. The non-reflection environment in the chamber 
is achieved by horizontal and vertical wedge-shaped absorbing materials that cover the inner 
surface of the chamber. The inner absorbent material for a radio frequency anechoic chamber is 
different from that in an acoustic anechoic chamber. The RF chamber is specially designed for 
indoor antenna measurement, electromagnetic interference and compatibility measurements. 
Radiation absorbent material is made to be pyramid shape and is used to cover the inner walls of 
RF anechoic chambers that are designed to test antennas or radars. When electromagnetic waves 
fall on the pyramid absorber, it will be reflected to the neighbouring pyramids. The energy of the 
wave will gradually attenuate when the wave is reflected over and over again and finally 
dissipate. The floor inside the chamber is of ferrite tiles and the external wall of the room is 
made from a mesh of conducting material to prevent outside radiation entering the chamber. If 
some signals enter the chamber through unavoidable gaps in the walls or door gaskets, they will 
be attenuated by the absorbing material on the inner surface until they reach an acceptable level. 
 
The presence of an emitting source, which can be an antenna or characterised transmitter, is 
necessary for a chamber design. It is required to generate microwave signals in walls inside the 
chamber. Besides, a receiving antenna needs to be used to sample the field strength that is 
necessary to evaluate the performance of the under-test antenna. A turn table is placed in the 
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chamber to provide turning mechanism to the tested antenna. By turning the antenna through 
360ᵒ, a complete radiation pattern of a plane can be plotted from the power received by the 
receiving antenna in each angle. Figure 37 shows a side view of the chamber at the University of 
Wollongong. There are two input/output connectors coming out from the wall. It is designed to 
allow the coaxial cable to pass through the wall but prevents travel of unwanted signals.  
 
 
Figure 37 Side view of the schematic diagram of the chamber 
 
3.2.1. Measurement Setup 
 
The far-field measurements of an antenna under test (AUT) can be carried out inside the 
anechoic chamber located at the University of Wollongong, as shown in Figure 38. Based on a 
basic pattern-measurement method that uses a single-axis rotational pattern, the AUT are placed 
on a low reflective turntable to obtain power measurements for a full rotation. Moreover, the 
AUT was the transmitter and a broadband horn antenna was the receiver. The measurement 
distance between AUT and the horn antenna is set to be three meters to ensure that the AUT lies 
in the far-field region. The set up was calibrated using a Keysight 85519A 50-Ω calibration kit 
and a characterized female SMA to male N-connector adapter. The network analyser (VNA) was 
set to transmit at the operating frequency with an output power of 0 dBm. The S12 quantity was 
then observed to obtain the received power on port 1 of the VNA. Figure 39 shows the 
connection between each piece of experimental equipment and a sketch of the measurement 
setup. 
 
This setup is based on the Great-circle method; that is, fixing the measurement antenna (MA) 
and rotating the AUT on the turntable to generate each polar cut. In this way, the MA is always 
pointing perpendicular to the rotational axis of the AUT, and each cut measured is a true polar 
pattern with the greatest diameter circle that the rotation can provide. This method is relatively 
easy to use and cheaper in application. The chamber is only required to support the range length 
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in one dimension, but manually rotating the turntable and recording the data angle by angle 
would be extremely tedious. Therefore, an automation program was also developed to enable the 
VNA to automatically capture the power at each angle when the turntable keeps rotating until it 
finishes a 360-degree round. This significantly improves the efficiency of measurement. The 
received power across all the measurement points of AUT are finally integrated to generate the 
radiation pattern of the AUT in MATLAB 
 
 
Figure 38 Photo of the chamber at the University of Wollongong 
 
 
Figure 39 Experiment setup 
 
3.2.2. Gain measurement 
 
In this study, antenna gains were tested by a commonly used method called Gain Transfer 
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Measurement [134]. With the help of VNA and the turntable in the chamber, a calibrated 





)2𝐺𝑡𝐺𝑟𝑃𝑡                                                                        (10) 
Where 𝑃𝑟  𝑖𝑠 the received power level, 𝑃𝑡 the transmit power level, 𝜆 the transmit wavelength, 𝐺𝑡 
the gain of the transmit antenna, 𝐺𝑟  the gain of the receive antenna, and  𝑑 is the separation 
distance between transmit and receive antennas.  
Equation (10) can be conveniently expressed in terms of 𝑆212 =
𝑃𝑟
𝑃𝑡
 in dB as: 
𝑆21(𝑑𝐵) = 𝑃𝐿(𝑑𝐵) + 𝐺𝑡(𝑑𝐵) + 𝐺𝑟(𝑑𝐵)                                       (11) 
Where 𝑃𝐿  is the patch loss defined as: 
𝑃𝐿(𝑑𝐵) = 20log (
𝜆
4𝜋𝑑
)                                                                              (12) 
By using this simple equation, several measurement constants, such as the path loss of one 
wavelength distance separation, are easily derived: 
𝑃𝐿(𝜆 = 𝑑) = 20 log (
1
4𝜋
) = 21.98𝑑𝐵                                            (13) 
The gain transfer method requires two sets of antenna test. The AUT is used in the first set of 
tests as the receiving antenna, while a reference antenna with standard gain replaces the AUT as 
the receiving antenna in the second set. The geometrical arrangement and input power need to be 
the same in both sets. By recording the received power 𝑃𝐴𝑈𝑇  and 𝑃𝑅𝐴 in the first and second tests 
respectively, and writing two equations in the form of (11), the following equation can be 
obtained: 
𝐺𝐴𝑈𝑇(𝑑𝐵) = 𝐺𝑅𝐴(𝑑𝐵) + 10𝑙𝑜𝑔10(
𝑃𝐴𝑈𝑇
𝑃𝑅𝐴
)                                    (14) 
Where 𝐺𝐴𝑈𝑇  and 𝐺𝑅𝐴 are the gains of the AUT and reference antennas.  
 
In practice, we firstly place the reference antenna on the turntable and ensure the antenna is well 
aligned in its maximum radiation direction and polarisation. The reference antenna is connected 
to port 2 and a transmit antenna is connected to port 1. After setting up the frequency range of 
interest on VNA, we perform a normalisation calibration and observe a flat S21 response on 
VNA, which means the S21 response is now normalised to the gain of the reference antenna. 
Then, we replace the reference antenna with the AUT, and record the S21 values of the AUT, 
which is an increase or decrease of the gain of the AUT compared with the reference antenna. 
We denote this value as 𝐺𝑟𝑒𝑐𝑜𝑟𝑑 , thus, the gain of AUT can be obtained from: 
𝐺𝐴𝑈𝑇(𝑑𝐵) = 𝐺𝑅𝐴(𝑑𝐵) + 𝐺𝑟𝑒𝑐𝑜𝑟𝑑(𝑑𝐵)                                             (15) 
 
3.3. Chapter Conclusion 
 
In this chapter, the software and hardware methods employed to design antennas are introduced. 
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Through use of HFSS software, a model of the antenna can be built and simulated based on its 
desired structure and dimensions, and some resulting plots or figures can be generated to show 
the performance of the antenna. The simulation of a simple patch antenna is demonstrated step 
by step to be an example. The fabricated antennas were tested in an Anechoic Chamber with the 
help of a Vector Network Analyser. The process of measuring the antenna’s radiation pattern in 








Chapter 4  Designs of Antenna Array for CubeSat 
 
As mentioned in Chapter 2, a swarm of CubeSats requires reliable and efficient inter-CubeSat 
communication links. Specifically, high-speed inter-satellite links will help to facilitate 
formation-flying missions where CubeSats maintain the desired relative separations, positions 
and orientations. One solution is to employ omni-directional antennas.  However, they are not 
suitable because they have a relatively low gain and, thus, they only provide short distance 
communication and low data rates. Another issue is their high power requirement, which is a 
challenge as CubeSats have limited power supply. To date, most CubeSat missions have 
employed simple antenna designs like wire and patch antennas. In most cases, a wire antenna 
needs deployment after a CubeSat is launched into space. Deployment usually involves a 
composite tape spring [118, 186]. Wire antennas usually operate at lower frequencies (lower than 
S-Band) and are long. For example, reference [118] outlines a deployable dipole antenna using 
curved bi-stable composite tape-springs. The dipole antenna operates at 250 MHz, and its total 
length is 22 inches (around five times longer than a CubeSat edge) which is equal to 0.465λ. 
Consequently, it is not suitable to employ a long wire antenna on CubeSats because they may 
introduce positioning problems when the spacing between CubeSats is narrow. Given the 
aforementioned problems, patch antennas are good alternatives as they have a low profile, do not 
require a deployment solution, are easy to realize, are relatively low in cost and have small 
dimensions [187]. Hence, several S-band planar antennas have been proposed for CubeSats [126, 
188, 189]. However, increasing antenna gain directionally can provide more flexibility for 
CubeSats communicating as part of a swarm. On the other hand, single element antennas are 
limited in that the maximum gain in a particular direction is restricted by their dimensions. This 
has implications for the attainable data rate. Another problem is that any adjustments to their 
radiation patterns or directions entail re-orienting a CubeSat.  
 
An antenna array could solve these issues. Specifically, in a swarm, antennas that are capable of 
electronic directivity are desirable. The resulting array can compensate for gain variations and 
reduce the impact of satellite orientation errors [158]. In particular, an antenna array has a 
relatively high gain compared to single element antennas and can enable an electronically 
steerable beam, which makes satellites more versatile. Instead of physically re-orienting a 
CubeSat to establish a link, its beam can be steered by controlling the excitation phase of each 
element. Lastly, an antenna array is more flexible in terms of system maintenance and recovery, 
as it is convenient to add additional elements when the mission needs a larger aperture, and the 
failure of a single element may not lead to a failure of the whole mission. 
 
To date, a few works have proposed to equip an antenna array on CubeSats. Reference [10] has 
proposed a swarm to earth communication system for a swarm of 50 nano-satellites that are 
equipped with low-frequency antennas. A planar phased antenna array for Inter-CubeSat 
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communications that can enable beam scanning was proposed by [190]. The antenna’s beam can 
be steered within a semi-angle of 40 degrees. A technique that helps to achieve circular 
polarization for an antenna array was also proposed by [191]. This designed array is shown in 
Figure 40. The array consists of several sub-arrays. Each subarray contains four patches and has 
a size of 30mm×30mm. At a frequency of 5.8 GHz, the sub-array has a gain of 5.1dB while the 
complete array achieves a gain around 5.8 dB. This planar phased array is placed on one of the 
1U CubeSat surfaces, and all of its sub-arrays share the same substrate plane and are designed 
under the same frequency. Using dipole antennas to form an array is likely to improve the total 
gain, and increase directivity and bandwidth. A log-periodic crossed dipole array is proposed in 
[172]. It achieves a directional high gain but with less flexibility of structure. Each dipole 
element should be crossed with one another and the differences between the lengths of each pair 
of dipoles must be a logarithm function. In addition, inflatable antennas are another candidate to 
contribute to antenna array for CubeSats that have received much recent attention. Inflatable 
antennas have a high gain and good directivity, making them feasible for space missions. The Jet 
Propulsion Laboratory (JPL) has designed an inflatable antenna in combination with an inflatable 
antenna array [41]. The antenna is a parabolic dish reflector made from metalized mylar on one 
side and clear mylar on the other, fed by a patch antenna. When the patch antenna radiates from 
the inflated inside volume to a parabolic metalized mylar surface, the radio signal will be 
reflected to pass through the clear mylar and reach the receiver. The simulation results on a 
single inflatable antenna show a high 23 dB gain could be achieved at S-band with an 8dB patch 
antenna, and its radiation pattern shows good directivity. The JPL also make comparison based 
on estimated antenna gains and show higher Equivalent Isotropically Radiated Power (EIRP) 
values can be achieved with an array with 2, 4, 8, and 16 elements, compared with a single 
element [42]. It is ideal that each CubeSat in a swarm carries an inflatable antenna to form a 
virtual antenna array. The antenna system on each satellite can only be adjusted based on the 
characteristic of a single inflatable element. 
 
 
Figure 40 Planar antenna array on a CubeSat surface [190] 
4.1. Design of Dipole Antenna Array Cluster 
 
In this section, CubeSat antenna solutions that take advantages of an antenna array and obtain a 
high gain directional performance are developed.  A 3×1 dipole array and a cluster of three 3×1 
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dipole arrays are proposed; both of which are printed on board. They have the same advantages as 
a patch antenna with regards to shape and dimension but are more flexible than a patch antenna in 
terms of steerable directivity and adjustment to single-element failure. They can be perfectly 
attached within one of the CubeSat surfaces to avoid deployment. The cluster of three 3×1 dipole 
arrays combines three printed arrays sharing the same corner on a CubeSat. The simulation results 
show the designed array cluster can achieve a high gain of 5.03 dBi and good directivity for 
CubeSat communications in the S-band. It has potential to be tested under various frequencies 
among sub-arrays and it is possible to enable the steerability of the overall radiation beam by 
changing the phase weights of single dipole elements in each sub-array.  
 
4.1.1. Design of a 3×1 Dipole Array on CubeSat 
 
In this section, a single 3×1 dipole array is designed and tested on one face of the satellite by 
using a High Frequency Structure Simulator (HFSS), as shown in Figure 41. 
 
 
Figure 41  Model of 3×1 dipole arrays on CubeSat 
 
The length of each dipole element printed on board is 62.5 mm while the width is 1mm. Each 
element of the array is parallel with the other. The spacing between each single dipole is 22 mm, 
and the size of the ground plane is 80 mm × 80 mm. The simulation results in Figure 42 and 
Figure 43 show that the maximum gain value is 8.3 dBi and the main beam is pointing in the 
direction of z-axis. The antenna array achieves a small return loss of -27.35 dB at a frequency of 





Figure 42 3D polar plot of 3×1 dipole array on CubeSat 
 
 
Figure 43  Return loss of 3×1 dipole array 
 
4.1.2. Dipole Array Cluster on CubeSat 
 
By only placing the array on one face, communication directivity is limited; especially for inter 
CubeSat connectivity. In this section, distributing the array on three faces of the CubeSat is 
proposed so that each corner has a 3×1 dipole array. The array cluster includes three sub-arrays 
and each sub-array is a printed 3×1 dipole antenna similar to the design in section III. Three 
boards are attached to three surfaces of a CubeSat so that they share the same corner as shown in 
Figure 44. Figure 45 and Figure 46 show the simulation results of this designed model. With 
matched impedance set as a common value of 50 Ω, and by running the simulation with 
sweeping frequency range from 2.2 GHz to 2.8 GHz, a high gain of 5.03 dB is achieved. The 
direction of the main beam is almost perpendicular along the x-z surface. The return loss of this 
array cluster is -21.85 dB at 2.56 GHz, while the bandwidth is narrow at 64 MHz. Compared 
with the single 3×1 dipole array design in section III, using three sub-arrays sharing one corner 





Figure 44 Model of three 3x1 dipole arrays on CubeSat 
 
 
Figure 45 3D polar plot of three 3x1 dipole arrays on CubeSat 
 
 
Figure 46 Return loss of three 3x1 dipole array on CubeSat 
 
4.2. Design of Printed Yagi-Antenna Array 
 
A Yagi-Uda antenna is a series of dipole antennas that are widely used in practice since they give 
directionality to single dipole antennas. However, Yagi-Uda antennas are rarely seen in CubeSat 
applications. The typical structure of a Yagi antenna includes one driven element, one reflector 
element and one or multiple directors. With different numbers of driven elements, the radiation 
patterns and gains of the antenna are various. Therefore, it offers good directivity, simple 




The operating frequency plays a major role in the design of Yagi antenna parameters because of 
the equation λ=c/f, where c is the velocity of light. Thus, when a CubeSat operates in the VHF 
(0.03-0.3 GHz) or UHF (0.3-3 GHz) bands, it can be noted that the size of the Yagi will exceed 
the edge of a CubeSat panel. This means that the antenna needs to be folded and deployed once 
the CubeSat reaches space. This deployment mechanism incurs extra cost and complexity. In the 
design developed here, this limitation is addressed by using a small-size printed antenna with a 
planar shape. 
 
In this section, a high gain printed Yagi-Uda antenna array that operates at 2.45 GHz (S-band) is 
described and its performance when mounted on a 3U CubeSat is demonstrated. Because 
interference can be created by the CubeSat metal body, the idea is to use the CubeSat’s body as 
an additional reflector to redirect the back radiation forward and hence improve the total antenna 
gain. 
 
4.2.1. Numerical analysis 
 
Considering a Yagi-Uda antenna is located along the x-axis (see Figure 47), according to [192], the 
total radiation field at location R is given by: 
 
𝐹𝜃,𝜑 = ∑ 𝐼𝑝𝑒
𝑗𝑘𝑥𝑝 sin 𝜃 cos 𝜑 
cos(𝑘ℎ𝑝 cos 𝜃)−cos 𝑘ℎ𝑝
sin 𝑘ℎ𝑝 sin 𝜃
 𝐾𝑝=1                          (16) 
 
where K is the number of elements consisting of a Yagi antenna that includes a reflector, a 
driven and multiple directors, where 𝑘 =
2𝜋
𝜆
 the wave number, 𝑥𝑝 the x-axis coordinates for 𝑝 =
1, 2, …, K, ℎ𝑝 the half-length of the 𝑝th element. 
 
In this case, we only consider an electric field in the x-z plane where  𝜑 = 𝜑0 = 0
° in Figure 47, 
thus the radiation field in equation (1) becomes:  
𝐸𝜃 = ∑ 𝐼𝑝𝑒
𝑗𝑘𝑥𝑝 sin 𝜃 
cos(𝑘ℎ𝑝 cos 𝜃)−cos 𝑘ℎ𝑝
sin 𝑘ℎ𝑝 sin 𝜃
𝐾





Figure 47 Model of Yagi-Uda antenna in the x-y-z axes 
 
Figure 48 A Yagi-Uda antenna in x-z axis plane 
 
A two parallel Yagi-Uda antenna array is illustrated in Figure 49.  
 
Figure 49 Two parallel Yagi-Uda antenna in x-z axis plane 
 
According to the aforementioned equations, the electric field at location R created by Yagi0 is 
𝐸𝜃 , while the electric field produced by Yagi1 at the point is given by: 
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𝐸𝜃1 = ∑ 𝐼𝑝𝑒
𝑗𝑘𝑥𝑝 sin 𝜃1  
cos(𝑘ℎ𝑝 cos 𝜃1)−cos 𝑘ℎ𝑝
sin 𝑘ℎ𝑝 sin 𝜃1
)𝐾𝑝=1                                 (18) 
 





√(𝑟 sin 𝜃−𝑑)2+(𝑟 cos 𝜃)2





√(𝑟 sin 𝜃−𝑑)2+(𝑟 cos 𝜃)2
 
 
Thus, the electric field of each Yagi-Uda antenna element can be expressed by a function of 
distance between location R and first Yagi antenna (Yagi0). If there are N identical Yagi-Uda 
antennas distributed along z axes by equal spacing d, and they are parallel with each other, the 
electric field of the nth Yagi antenna is: 
𝐸(𝜃𝑛,𝑟) = ∑ 𝐼𝑝𝑒
𝑗𝑘𝑥𝑝
𝑟 sin 𝜃−𝑑









√(𝑟 sin 𝜃−𝑑)2+(𝑟 cos 𝜃)2
)
  𝐾𝑝=1         (19) 
 
The total electric field at location R created by N identical Yagi antenna will be: 
 
𝐸𝑇𝜃 = 𝐸𝜃0 + 𝐸𝜃1 + 𝐸𝜃3 + ⋯ + 𝐸𝜃𝑁−1 = ∑ 𝐸𝜃𝑛 
𝑁−1
𝑛=0                          (20) 
 
Based on the analysis in equation (19) and equation (20), the total electrical field is: 
 
𝐸𝑇(𝜃,𝑟) = ∑ ∑ 𝐼𝑝𝑒
𝑗𝑘𝑥𝑝
𝑟 sin 𝜃−𝑛𝑑









√(𝑟 sin 𝜃−𝑛𝑑)2+(𝑟 cos 𝜃)2
)
   𝐾𝑝=1
𝑁−1
𝑛=0   (21) 
 
4.2.2. Design Configurations and Results 
 
A Yagi Uda antenna is printed on an FR4 epoxy substrate with a thickness of 4mm attached to 
one of the 3U CubeSat’s surfaces (see Figure 50). The reflector elements of the Yagi are 
designed as two rectangular sheets on the left, followed by two driver slots and three director 
slots. The reflector, driver1 and three directors are printed on the top surface of substrate while 
the driver2 is printed on the other surface of the substrate to create a 180° phase difference 
between arms that provides the correct feed to the antenna. All of the elements are fed from the 
same feeding slots. Details of the design specifications can be found in Table 13. The size of 
substrate is 98mm×150mm. A plastic sheet is placed between the substrate and the 3U CubeSat 
body to reduce the interference with electronics inside the CubeSat. The length of Yagi element 
is designed as shown in Table 13, and then the Yagi is located on the largest surface of a 3U 







Table 13. Yagi-Uda Antenna Designed Specifications 
 
Length Parameters Value (mm) 
Reflector 49.0 
Driven element 42.2 
Director 1 40.3 
Director 2 38.9 
Director 3 37.5 
Space between each element 28.1 
Elements width 2.0 
 
 
Figure 50 A printed Yagi-Uda antenna on a 3U CubeSat 
 
4.2.2.1. Single Printed Yagi Antenna on 3U CubeSat 
This section outlines the simulation results (return loss, impedance bandwidth, and gain and 
radiation pattern) of a single Yagi antenna and two parallel Yagi antennas when they are 
mounted on a CubeSat’s body. As known, the aluminium CubeSat body can create interference 
to the radiation of antenna. The design proposed had taken this factor into consideration and 
regards the CubeSat body as a reflector to achieve the shown antenna performance. Thus, the 
achieved radiation results are redirected and not symmetric but still provide good performance.  
 
Figure 51 and Figure 52 show the 3D and 2D simulated radiation pattern of one printed Yagi on 
a 3U CubeSat at the resonant frequency of 2.45 GHz. The back lobe is reduced because of the 
large 3U CubeSat’s surface and hence a unidirectional pattern is achieved. The highest gain 
achieved is 6.19dB with the main radiation direction is along the z-axis. Figure 53 shows a good 
return loss of -29.8dB at 2.47GHz. The obtained bandwidth is about 139MHz. The maximum 





Figure 51 3D polar plot of single printed Yagi on a 3U CubeSat 
 
Figure 52 Radiation pattern of single printed Yagi on a 3U CubeSat 
 
Figure 53 Return Loss of single printed Yagi on a 3U CubeSat 
 
4.2.2.2. Two Parallel Printed Yagi Antenna on 3U CubeSat 
Based on this design and with the same specifications for the printed Yagi antenna, two Yagi 
antennas were placed on two opposite surfaces of a 3U CubeSat as shown in Figure 54. The two 
Yagi are parallel with each other and fed from the same direction (along the positive direction of 




Figure 54 Two parallel printed Yagi on a 3U CubeSat 
 
 
Figure 55 3D Polar Plot of two parallel Yagi on a 3U CubeSat 
 





Figure 57 Return loss of two parallel Yagi on 3U CubeSat 
 
As shown in Figure 55 and Figure 56, the highest gain achieved is around 6.4dB. As shown in 
Figure 57 the return loss is -26.5dB at 2.47GHZ and the bandwidth is up to 135MHz. The 
direction of the main radiation beam is along the y axis but is not totally uniform. In this case, the 
application that installing a camera on the 100mm×100mm surface pointing to the earth becomes 
possible. Further improvements can be made to gather the radiation power to create a narrower 
beam. It is also possible to attach two more Yagi antennas on the remaining two 300mm×100mm 
CubeSat surfaces to create a directional beam by adjusting phases. Compared to the single Yagi in 
the previous section, the maximum simulation is directed back to endfire. 
4.3. Chapter Conclusion 
 
In this Chapter, a cluster of printed 3×1 dipole antennas that can be attached to the corner of one 
of the CubeSat surfaces are proposed and simulated. Simulated results are shown for the case of 
three 3×1 dipole arrays installed on three different CubeSat surfaces but sharing the same corner. 
The simulation results show high gain values for a single 3 ×1 array and three 3×1 array 
respectively of 8.3 dB and 5.03 dB. These two cases of 3×1 arrays make the main beam radiate 
maximum power along the z-axis but the bandwidths are not large; only 120MHz for the single 
3x1 array and 64MHz for the three 3×1 array cluster. 
 
Besides, a design for a 2.5 GHz printed Yagi antenna that can be produced on a 98mm×150mm 
substrate and attached to a 3U CubeSat to create a high gain of 6.19dB is proposed. The CubeSat’s 
aluminum surface is used as a reflector to redirect the back lobe forward and hence significantly 
increased the total gain. Moreover, two Yagi antennas attached on two opposite surfaces of a 
CubeSat are used as a two-element array. The total gain has been slightly improved to 6.41dB. 
This array can be further improved to achieve higher gain with a uniform pattern. It also has 





Chapter 5  Adjustable Yagi Antenna Designs for CubeSat 
 
A Yagi-Uda antenna is a series of dipole antennas that are widely used in practice since they give 
directionality to single dipole antennas. However, Yagi-Uda antennas are rarely seen in CubeSat 
applications. The typical structure of a Yagi antenna includes one driven element, one reflector 
element and one or multiple directors. With different numbers of driven elements, the radiation 
patterns and gains of the antenna are various. Therefore, it offers good directivity, simple structure, 
and flexibility to meet various requirements of gain and radiation direction. In this chapter, based 
on the flexible structure of Yagi antenna, a steerable Yagi antenna and a frequency-reconfigurable 
Yagi antenna are proposed to provide CubeSat mission with more flexibility on radiation pattern 
and frequency selection.  
5.1. Design of Steerable Yagi Antenna 
 
With the growth of small satellite technologies, CubeSats are being endowed with more 
challenging missions and higher expectations in communication abilities. One way to extend the 
capabilities of CubeSats is to form a swarm of CubeSats where each swarm is envisaged to have 
tens to hundreds of cooperating CubeSats. The resulting cooperative CubeSat network has a 
higher degree of functionality than conventional satellites. Indeed, CubeSats swarms could 
significantly improve transmission capacity and mission lifetime as indicated by the Orbiting Low 
Frequency Antennas for Radio Astronomy (OLFAR) project [193] and the QB50 project [194]. 
The QB50 project is a cooperation between 27 different countries with a network of 50 CubeSats. 
These CubeSats were launched together in 2016 at an altitude of 350km above the earth. One of 
the CubeSats is the AU02 ECO CubeSat that was developed by graduate students and academics 
from the University of New South Wales in 2012 to study the thermosphere for a better 
understanding of solar activities [195]. Nevertheless, a swarm of CubeSats requires reliable, high-
speed and efficient inter-CubeSat communication links facilitating formation-flying missions 
where CubeSats can maintain their relative position and orientation. One approach is the use of 
omni-directional antennas, but they have a relatively low gain and can only provide short distance 
communication without any steerability.  
 
To address the aforementioned challenges, a high gain steerable antenna that can establish and 
maintain inter-satellite links or cross-link communication is ideal. However, normally these high 
gain antennas are large and need some deployment process. For example, in [118], Murphey et al. 
proposed a deployable dipole antenna using a curved bi-stable composite tape-spring technique. 
The proposed antenna occupies a volume of 5cm × 5cm × 100cm on the CubeSat’s surface when it 
is fully rolled and a few meters when it is unrolled (deployed). However, this type of dipole 
antenna has a bidirectional pattern and low gain. Another example is the deployable helical UHF 
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antenna presented in [144].  This antenna can be stowed in a 10 cm x 10 cm x 5 cm package and 
when deployed it can reach up to 137.16 cm length and 35 cm in diameter. A high gain of 13dBi at 
400MHz is reported. Its main limitation is that it occupies a significant volume on the CubeSat, 
which in turn limits the area for solar cells and affects the operational life. Another design that 
employs a similar deployment mechanism based on a helical structure is described in [145]. All of 
the aforementioned deployment concepts utilize some kind of compression of the metallic element. 
However, they will produce large forces during the deployment process as the antenna is unrolled 
or unfolded, which increase the likelihood of deployment failure and hence mission failure.  
 
Another deployable directional antenna design for CubeSat applications is a Yagi-Uda antenna 
which consists of an equidistant array of dipole antennas with different lengths [134]. By adjusting 
the length and the number and the spacing between the elements of this Yagi-Uda antenna, its 
operating frequency and gain can be adjusted accordingly. An example of a proposed deployable 
Yagi antenna for small satellite applications is presented in [145]. It consists of 7-elements, 
operates at 2.4GHz (S-band) and has a total length of 28cm. The authors report a high gain of 
11.67 dBi; however, its main limitation is its large size. Moreover, in order to improve the 
pointing accuracy of directional antennas and to compensate for the lack of high-precision attitude 
control of the CubeSat, the authors in [196], propose an electrically steerable antenna controlled 
by a single digital phase shifter. Another proposed design for a steerable antenna for CubeSat 
applications is a phased helical array that achieves 60ᵒ beam steering range [197]. However, when 
this antenna design was implemented, the simulation results were not verified with measured 
results.  
 
In this section, a mounted S-band steerable Yagi-Uda antenna for CubeSat Communications is 
proposed. The proposed antenna can change its radiation direction by mechanically adjusting the 
angle between the antenna reference plane and the CubeSat body to achieve 100ᵒ steerable 
performance (see Figure 58 and Figure 59). The steerability of the antenna is achieved by a simple 
linear actuator, which is easy to construct and flexible to control. In this way, a CubeSat is able to 
perform tracking and satellite repositioning functions in a power efficient manner.  
 
5.1.1. Numerical Analysis 
 
In this section, a description and mathematical analysis of the proposed 3-element Yagi-Uda 
antenna and its beam steering ability on top of a CubeSat is provided. As shown in Figure 58, 
three cylindrical elements are mounted on an FR4 substrate. The Yagi is fed through the middle 
element. The PCB can be lifted up and down using a linear actuator, hence changing the azimuth 




Figure 58 Simulation model of steerable Yagi antenna on CubeSat 
 
Consider a 3-element Yagi-Uda antenna lying on the y-z plane and located along the y-axis (see 
Figure 58) and assuming a sinusoidal current distribution on each element given by (22). 
 
𝐼𝑒(𝑧𝑛) =  {
𝐼0 sin [𝑘 (
𝑙𝑛
2
− 𝑧𝑛)] 𝑧    𝑤ℎ𝑒𝑛 0 ≤ 𝑧 ≤
𝑙𝑛
2
   𝐼0 sin [𝑘 (
𝑙𝑛
2
+ 𝑧𝑛)] 𝑧    𝑤ℎ𝑒𝑛 −
𝑙𝑛
2




where 𝑙𝑛  is the length of the 𝑛
𝑡ℎ  element and  𝑘 =
2𝜋
𝜆
  is the wave number and 𝐼0  is the 
magnitude of the excitation current. The reflector, feeder and director are denoted by 𝑛 = 1,2,3 
















𝑒𝑗𝑘𝑧𝑛𝑐 cos 𝜗𝑑𝑧                         (23) 














]                                       (24) 
 
where 𝜓𝑛 = 𝑘[𝑟 − (𝑥𝑛𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜗 + 𝑦𝑛𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜗)] gives the phase variation of the radiated wave, 
𝜗  and 𝜙  are the elevation and azimuth angles respectively and (𝑥𝑛 , 𝑦𝑛,𝑧𝑛) represent the 
coordinates of the 𝑛𝑡ℎ  element. The position of each element depends on the angle A, as seen in 
Figure 59, and is defined as in (25) and (26); 
 
𝑥𝑛 =  𝑑𝑠𝑛 sin 𝐴                          (25) 
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𝑦𝑛 =  𝑑𝑠𝑛 cos 𝐴                          (26) 
 
where 𝑑𝑠𝑛 is the distance from the origin to the 𝑛
𝑡ℎ element determined as in (27), (28) and (29); 
 
𝑑𝑠1 = 0.15𝜆                               (27) 
𝑑𝑠2 = 0.45𝜆                               (28) 
𝑑𝑠2 = 0.45𝜆                               (29) 
 
The total distance 𝑑𝑠 as seen in Figure 59 can be define by (30), 
 
𝑑𝑠 = 𝑑𝑠|𝑛=3                      (30) 
 
      
Hence, the total field radiated by the 3-element Yagi-Uda antenna in the far-field region can be 
found using (31). 
 













]3𝑛=1                     (31) 
 
The CubeSat face on which the Yagi is placed can be considered as a perfect electric conductor. 
Hence, the EM waves radiated by the Yagi antenna are reflected by the CubeSat face. The 
existence of the reflected waves can then be modelled by considering an image Yagi antenna 
about the CubeSat face. 
 
Figure 59 Side view of steerable Yagi -CubeSat configuration 
 
Moreover, the tangential components of the resultant E field on the conductor boundary must be 
zero. This can be satisfied by an image antenna with the same radiation pattern as the Yagi. The 
antenna configuration is a 2-element antenna array with each element being a 3-element Yagi. 
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The elements of the array containing the Yagi and its image is considered to be placed along the 
𝑥-axis. 
 
As a result, the total radiated field by the Yagi-CubeSat configuration can be approximated by 
the E field radiated by the 2-element antenna array given by (32) and (33) 
 
𝐸𝑡𝑜𝑡𝑎𝑙|𝜗 = 𝐸𝑦𝑎𝑔𝑖|𝜗 ∗ 𝐴𝐹|𝛾                                            (32) 
𝐸𝑡𝑜𝑡𝑎𝑙|𝜗 =  (∑ 𝐸𝜗𝑛
3




𝑛=1 )       (33) 
 
where 𝐴𝐹 represents the array factor, 𝜓𝐴 = 2𝑘𝑑𝐴𝑐𝑜𝑠𝛾 + 𝛽  is the phase difference between the 
elements,  𝜗  and 𝜙  are the elevation and azimuth angles respectively, 𝑑𝐴 = 𝑑𝑠𝑛 sin 𝐴  is the 
distance between the Yagi and the CubeSat as seen in Figure 4 and p denotes the number of the 
antenna elements of the array. The angle 𝛾  is between the array axis x and the radial vector 𝑟  
from the axis origin to the observation point. 
 
𝛾 =  cos−1 (sin 𝜗 cos 𝜙)                                (34) 
 
 Given a phase excitation difference of 𝛽=180°, the distance 𝑑𝐴 between the two antennas can be 
adjusted by adjusting the angle 𝐴 between the Yagi and the CubeSat. Therefore, the direction of 
maximum radiation  𝜙0  and  𝜗0 can be controlled by (15) and (16) respectively for a given 
elevation or azimuth plane. 
 
 𝜙0 = cos
−1 (
−𝛽
2𝑘𝑑𝑠𝑛 sin 𝐴 sin 𝜗




2𝑘𝑑𝑠𝑛 sin 𝐴 cos 𝜙




2𝑘𝑑𝑠𝑛 sin 𝐴 cos 𝜙




2𝑘𝑑𝑠𝑛 sin 𝐴 cos 𝜙
)                               (38) 
 
The angle adjustment 𝐴  provides the antenna array with an inter-element distance re-
configurability with a beam scanning range limited to 90°. 
 
5.1.2. Design specifications  
 
According to Balanis [134], the driven element of a Yagi-Uda antenna should be slightly less 
than 0.5λ. In this design, the total length of the driven element is designed to be 0.4λ and consists 
of two 25 mm cylinders with a 1mm gap between them. The director has a length of 42mm and 
the reflector is 55 mm long; presenting capacitive and inductive impedance respectively. The 
diameter of both the passive and active elements is set to 3mm, and the spacing between the 




As shown in Figure 58, the proposed antenna design is based on the generic structure of a Yagi-
Uda antenna but with the elements placed on an 80 mm × 50 mm FR4 substrate with a thickness 
of 0.6 mm. The FR4 substrate creates the reference plane of the antenna and the angle between 
the substrate and the CubeSat surface is defined as A. By doing this, the angle A can be adjusted 
to produce a steerable radiation pattern greatly expanding the CubeSat capabilities in terms of 
inter-satellite communication when forming a CubeSat swarm. 
 
5.1.3. Substrate Dielectric 
 
Dielectric as a substrate is a necessary part in the design of microstrip antennas, whose 
characteristics can be tuned by using different substrate materials of various thicknesses or 
permittivity. In this design, an FR4 dielectric for both structural support and frequency tuning is 
used. The dielectric will have an effect on the resonant frequency of the Yagi antenna which will 
decrease if the dielectric constant value increases [198, 199]. The FR4 is a material that is 
suitable for space and high frequency applications [200]. To evaluate the effect of the substrate 
on resonant frequency, the S11 parameter and the input impedance of the Yagi are investigated 
in Figure 60 and Figure 61 respectively. 
 
 
Figure 60 Simulated reflection coefficient of the steerable Yagi antenna with Substrate and without substrate 
 
In Figure 60 there is an obvious frequency shift from 2.4 GHz to 2.6 GHz with and without 
dielectric respectively. In the case of no dielectric constant the value is 1 and in the presence of 




Figure 61 Input impedance (imaginary) of steerable Yagi antenna 
 
The effect of the presence of dielectric can also be examined by looking at the imaginary part of 
the input impedance. The FR4 dielectric will increase the overall capacitance of the Yagi; hence 
the imaginary part of the input impedance will be reduced as seen in Figure 61.  
 
5.1.4. Deployment Mechanism 
 
In order to realise the deployment of the Yagi antenna, an electric linear actuator is used to 
control the value of the angle A (see Figure 62). The extendable rod of the linear actuator can be 
electrically moved up and down and so control the position of the Yagi antenna.  
 
Figure 62 Linear actuator deployment of steerable Yagi antenna on CubeSat 
 
The linear actuator utilises the rotational motion of a lead screw to create the linear motion of the 
extendable rod. The rotation of the screw is controlled by a DC motor, as shown in Figure 63. 
There are many types of linear actuators available in the market with various sizes. The stroke of 
a mini-sized linear actuator can reach over 100mm, which is sufficient for the deployment of the 





Figure 63 Functional structure of common linear actuator 
 
5.1.5. Simulation Results 
 
The High Frequency Simulator Structure (HFSS) is used to simulate the proposed Yagi-Uda 
antenna. The proposed Yagi-Uda antenna was placed on top of a 1U CubeSat made of aluminum 
to study the effect of the CubeSat’s body on the antenna performance (see Figure 58). In Figure 
64, the simulated 3D polar plot of the proposed Yagi-Uda antenna at 2.45 GHz in the absence of 
the CubeSat is shown. The gain of the antenna reaches a value of 7.47dB. In addition, by placing 
the Yagi antenna on the CubeSat at an angle of A=80ᵒ, the gain is increased to 8.89dB (see 
Figure 65). Therefore, the presence of the CubeSat redirects some of the back-lobe radiation thus 
increasing the gain by 1.42dB. This high gain capability would enable long-distance 
communication and reduce the interference with the electronic components inside the CubeSat.  
 
 
Figure 64 3D polar plot of the designed Yagi antenna 
 
 




Figure 66 and Figure 67 present the corresponding 2D radiation pattern of two different planes 
𝜗 = 90ᵒ  and 𝜙 = 0ᵒ respectively. Figure 68 depicts the simulated reflection coefficient (S11) of 
the proposed Yagi antenna at the frequency range of 1.5-3.5 GHz. The antenna provides a -10dB 
bandwidth of 250 MHz and a reflection coefficient of -16.73 dB at a resonance frequency 2.45 
GHz (see Figure 68). 
 
 
Figure 66  Radiation pattern of steerable Yagi with A=80ᵒ, 𝜗 = 90ᵒ 
 
Figure 67 Radiation pattern of steerable Yagi with A=80ᵒ, 𝜙 = 0ᵒ 
 
 




5.1.6. Antenna Fabrications and Measurement Results 
 
The fabricated Yagi-Uda model on the substrate can be seen in Figure 69. The three Yagi 
elements were made from copper and placed on top of the FR4 substrate with a dielectric 
constant of 4.4 and thickness of 0.6 mm. The driven element is located in the middle and is fed 
by a coaxial cable running through the substrate. The radiation pattern of the proposed Yagi 
antenna can be steered by adjusting angle A between the CubeSat and the substrate. Finally, the 
Yagi–substrate configuration was placed on a 1U CubeSat made of aluminium.  
 
The reflection coefficient of the fabricated Yagi antenna was measured by a Keysight E5063A 
Vector Network Analyzer (VNA). The measured reflection coefficient is compared with the one 
simulated in Figure 70. Both simulated and measured results show that the antenna operates at 
2.45 GHz. The proposed antenna provides a small measured -10 dB bandwidth (200MHz) and 
high measured reflection coefficient (-14.6dB) compared to the simulation results. These 
discrepancies exist because the environment of the measurements is not free space as is for 
HFSS. Other possible causes of the differences between the measurement and the simulation can 








Figure 70 Comparison between the simulated and measured reflection coefficient of steerable Yagi. 
 
The far-field measurements of the fabricated Yagi-Uda antenna were carried out inside the 
anechoic chamber located at the University of Wollongong as shown in Figure 38. The 
fabricated Yagi-Uda mounted on the CubeSat was the antenna under test (AUT) and was placed 
on a low reflective turntable to obtain power measurements for a full rotation. Moreover, the 
AUT was the transmitter and a broadband horn antenna was the receiver. The measurement 
distance was three meters ensuring that the AUT lies in the far-field region. The set up was 
calibrated using a Keysight 85519A 50-Ω calibration kit and a characterized female SMA to 
male N-connector adapter. The VNA was set to transmit at 2.45GHz with an output power of 0 
dBm. The S12 quantity was then observed to obtain the received power on port 1 of the VNA. 
Finally, the VNA was interfaced with MATLAB to plot the measured radiation pattern for 
2.45GHz. The measured and simulated normalized radiation patterns can be observed in Figure 
71. 
 
Figure 71 Simulated and measured radiation pattern of steerable Yagi on  𝜗 = 90ᵒ 
 
The maximum power radiated by the AUT is in the direction of 𝜗 = 90ᵒ both in the measured 
and simulated patterns. On the other hand, even if the back lobe of the measured pattern presents 
a similar shape, its power level is higher than the simulated performance. All in all, the far-field 
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results show the feasibility and directivity of the designed Yagi-Uda antenna and prove that the 
proposed antenna can radiate a reasonable amount of power in a desirable direction on S-band.  
 
5.1.7. Steerability Measurements and Analysis 
 
The Yagi-CubeSat configuration was also tested in terms of beam steering capability. The angle 
A between the Yagi and the CubeSat was adjusted and steering of the main lobe was observed. 
The E-plane radiation pattern was measured for different angles A. The steering capability was 
tested for three scenarios of A=90ᵒ, A=80ᵒ and A=70ᵒ respectively.  
 
 In Figure 72 the Yagi antenna is perpendicular to the CubeSat’s top face (A=90ᵒ) and the 
maximum radiation is directed towards 𝜙 = 26ᵒ. When the angle A is reduced to 80ᵒ (see Figure 
73) the direction of maximum power is shifted by 64ᵒ from 26ᵒ to 90ᵒ. At the same time, the back 
lobe is slightly reduced compared to the previous case where A=90ᵒ. Accordingly, in Figure 74, 
when A=70ᵒ, the main lobe is directed towards 126ᵒ resulting in a scanning range of 36ᵒ. The 
back lobe is further reduced but there is an increase in the side lobe level.  
 
To sum up, the main beam of the Yagi antenna can be directed within a scanning range of 100ᵒ 
controlled by the value of the angle A. The association between the angle A and the direction of 
the main beam is outlined in Table 14. 
 





Figure 73 Measured radiation pattern of steerable Yagi when A=80ᵒ (𝜗 = 90ᵒ) 
 
 
Figure 74 Measured radiation pattern of steerable Yagi when A=70ᵒ (𝜗 = 90ᵒ) 
 
Table 14 Yagi Beam Steering Capability 





 To investigate the scanning range of the proposed antenna further, the case when A=50ᵒ was 
investigated. As depicted in Figure 75, the direction of the main beam is not shifted anymore. 
The distance between the Yagi and the CubeSat is reduced to a point where there is mutual 
coupling between the Yagi antenna and the CubeSat body, thus limiting the beam steering 




Figure 75 Measured radiation pattern of steerable Yagi when A=50ᵒ (𝜗 = 90ᵒ) 
 
5.2. Design of Printed Yagi Antenna with Multi-Frequency Tilt 
Operation  
 
Recently, a number of compact Yagi-like antenna designs, with flexibility for a wide range of 
applications, have been proposed. These antennas are mentioned for completeness of work but 
none of them was specifically designed for CubeSats. They are general in nature and have not 
been tested on a CubeSat and their performance when combined with a cubic metallic body is 
not clear. The state of the art antennas use various feeding methods and balun techniques. An X-
band coplanar waveguide (CPW) fed broadband Yagi antenna was presented in [201]. It has no 
extra balun component and it achieved a total gain of 7.4 dBi in the X-band. A microstrip-to-
coplanar (CPS) strip transition line method for quasi-Yagi was proposed in [202, 203] The quasi-
Yagi antenna presented in [202] was built on a 3C Rogers substrate (RO400) and achieved a total 
gain of 4 dBi, while the quasi-Yagi antenna in [203] was built on a two-layer substrate made by 
Duroid 5880 and Rohacell foam and reported a total gain of 6.5 dBi. Moreover, in Ref. [204], the 
authors propose a printed Yagi antenna fed by folded dipole feed and tapered balun. It provided a 
total gain of 7 dBi, but with six directors and relatively large dimensions. Another printed Yagi 
antenna was presented in [205], where it was built on an FR4 substrate fed by a monopole 
microstrip (MS) line. It also presents improved performance by tapering the feeding line. The 
proposed antenna achieves gains of 4.1 dBi (monopole MS feed line) and 4.65 dBi (tapering the 
feeding line). Moreover, [206] proposed two different configurations based on a compact Yagi 
antenna on an FR4 substrate fed by rectangular strip feed and tapered strip feed. It showed gains 
of 6.3 dBi and 6.4 dBi respectively. It can be seen that the largest gain among the prementioned 
designs is 7.4 dBi in [201], achieved on X-band, and 7 dBi on S-band in [204], but the design is 
extended to six directors and is relatively long. 
 
To address the limitations between antenna size and performance for CubeSat applications, this 
section proposes a printed Yagi antenna with a tapered balun integrated on the substrate. As 
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shown in Figure 76, reflector, driven and director elements are printed on an FR4 substrate and 
form a Yagi shape. The FR4 dielectric is adopted in this antenna design, as it has been widely 
used, both in PCBs and antennas on low earth orbit (LEO) CubeSat missions, to provide a low 
cost alternative to other expensive low loss dielectrics [190, 207]. The operating frequency of the 
proposed antenna can be adjusted so that the antenna operates at L-band and S-band by rotating 
the antenna around its x-axis. The main contributions of this paper are the adaptive frequency 
operation achieved by adjusting the angle between the antenna and satellite, and the high 
achieved gains at different angles and frequency bands. Here, the deployed angle maybe be fixed. 
For example, we can deploy at an angle of 50o for L-band operation. It is also possible to build a 
deployment mechanism that will allow multi-angle operations and hence different frequencies, 
giving the CubeSat extra mission flexibility by being able to operate at different frequencies 
when required. It is noted that none of the existing designs employ the mechanical lift 
mechanism that this present study proposes. Some state of the art antennas are compared to the 
proposal in this section in Table 15, which appears later in this chapter. 
 
5.2.1. Dimensions of Printed Yagi Antenna 
 
The proposed Yagi antenna is printed on an FR4 substrate, with a dielectric constant of 4.4 and a 
loss tangent of 0.02. The antenna has four elements: the reflector, driven element and two 
directors (see Figure 2). The 50 Ω impedance matching of the antenna is achieved through a 
tapered balun integrated with the printed antenna. The antenna has a total size of 100 mm × 98 
mm, which is smaller than the CubeSat surface. The optimal parameter values of the proposed 
antenna are as follows: r = 58.8 mm, d = 58.8 mm, d1 = 50.5 mm, d2 = 48.8 mm, w = 3 mm, s = 
14.6 mm. The length of the driven element is chosen to be close to the half-wavelength of 2.5 
GHz. The lengths of directors are 0.43λ, 0.415λ and 0.4λ, so that the antenna can be optimized to 
operate at S-band without considering the interaction of the CubeSat that is made from aluminum. 
The spacing between each element is between 0.1λ to 0.2λ. The gaps between the negative 
tapered parts and the positive feeding element in the centre are both 1 mm, and the tapered 
ground is 1 mm away from the edge of the substrate for both sides. All the printed elements are 




Figure 76 Layout of the printed Yagi antenna (units in mm). 
 
5.2.2. CubeSat-Antenna Configuration 
 
Before launching the CubeSat, the antenna is required to be stowed, as shown in Figure 77a. The 
deployed functional geometry of the proposed antenna is shown in Figure 77b, that involves a 
rotation by an angle A around the antenna’s x-axis. In practice, the deployment of the antenna 
can be realized by a hold and release system, where the antenna is held within a stowed structure 
and push to the functional structure by a deploying force when needed. This force can be created 
by a mechanical spring that compresses itself when the antenna is stowed and back to original 
size when lifting the antenna. This allows for a single angle deployment, hence, as will be seen 
from the results, at 90o, an operating frequency of 2.4 GHz is realized. If more functionality is 
required, as mentioned earlier, a more elaborate system can be installed, that allows multiple lift 
angles. In order to control the variable status of angle A with a smooth steerable change, a linear 





Figure 77 Proposed antenna on CubeSat in: (a) Stowed structure and (b) Functional structure. 
 
By changing angle A, the antenna can provide an adaptive frequency operation. For instance, 
when angle A equals 90ᵒ, the antenna resonates at 2.4 GHz, as the CubeSat body has little 
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interaction with the antenna. When A is equal to 10ᵒ or 50ᵒ, the antenna gets closer to the 
CubeSat top surface, hence, the coupling between the antenna and CubeSat becomes stronger. 
Furthermore, by exploiting the coupling between the antenna and the CubeSat, different resonant 
frequencies are generated at L-band and S-band, giving rise to multi-frequency antenna operation. 
However, one of the main challenges is to precisely point the antenna at 10ᵒ, 50ᵒ and 90ᵒ, as the 
resonant behavior is affected by accuracy of the pointing angle. Apart from that, the gain and 
−10 dB bandwidth of the antenna must be maintained within reasonable levels at different 
operating frequency modes obtained at different pointing angles A. 
 
5.2.3. Antenna Fabrication and Experiment Setup 
 
Fabrication was completed according to the proposed Yagi model. As shown in Figure 78, all 
elements are printed on FR4 substrate, with a dielectric constant of 4.4 and a thickness of 0.6 mm. 
A SubMiniature version A (SMA) coaxial connector was used to feed the antenna through the 
central feeding line and grounded on the tapered balun. The antenna is placed on the body of a 
10 cm × 10 cm × 10 cm aluminum box. Figure 78 shows the fabricated antenna with three 
different configurations at three different angles. 
 
 
Figure 78 Fabricated antenna on 1U Cube with various lift angle. 
 
High frequency simulator structure (HFSS) is used to simulate the proposed Yagi antenna. The 
measurements of the reflection coefficients of the fabricated Yagi antenna were conducted by 
using Keysight’s E5063A Vector Network Analyzer (VNA). The measurement of the antenna 
radiation pattern was conducted in a far-field anechoic chamber located in the laboratory at the 
University of Wollongong to cancel any interference from the outside and to minimise any 
unwanted reflections.  
 
5.2.4. Reflection Coefficient 
 
Figure 79 compares the simulated and measured reflection coefficients of the proposed antenna 
when it is placed on top of the 1U Cube Model. The proposed antenna was measured at three 
different angles, e.g. A = 10ᵒ, A = 50ᵒ, A = 90ᵒ. When A = 10ᵒ, the antenna resonates at 3 GHz, 
107 
 
see Figure 79(a). The measured −10 dB bandwidth is 250 MHz, ranging from 2.82 GHz to 3.07 
GHz, with a small reflection coefficient of −24.16. As shown in Figure 79(b), when A = 50ᵒ, the 
antenna provides a measured reflection coefficient (S11) of −14.49 dB at 1.3 GHz, with −10 dB 
bandwidth of 100 MHz (1.3–1.4 GHz). Figure 79(c) shows that, at A = 90ᵒ, the antenna provides 
a good agreement between simulation and measurement as the antenna operates at S-band (e.g., 
2.45 GHz). The antenna achieved a measured reflection coefficient (S11) of −18.47 dB at 2.45 
GHz, with −10 dB bandwidth of 190 MHz (2.38–2.57 GHz). Details of the comparisons of 
frequency, bandwidth, reflection coefficient, gain, feed method and antenna size between the 












Figure 79 Reflection Coefficients of Simulation and Measurement. (a) A = 10ᵒ, (b) A = 50ᵒ, (c) A = 90ᵒ.  
 
5.2.5. Radiation Pattern 
 
Figure 80 shows the 3D polar plot of the proposed antenna at 2.4 GHz when A = 90ᵒ. The 
simulated and measured radiation patterns at three different frequency bands on the plane 𝜙 = 
90ᵒ and θ = 90ᵒ are shown in Figure 81. The measured patterns show similar shapes, with 
simulation results and matched maximum radiation direction. In plane 𝜙 = 90ᵒ, the directions of 
radiation slightly tilt to the left by 35ᵒ when the angle A is decreased from 90ᵒ to 50ᵒ and 10ᵒ, 
while the direction of plane θ = 90ᵒ remains unchanged for the three bands. In general, the 
antenna shows directional behavior on both plane when A=90ᵒ and 50ᵒ. Meanwhile, when A = 
10ᵒ, the measured radiation pattern is closer to being unidirectional on θ = 90ᵒ and obvious 
directional on 𝜙 = 90ᵒ. There are good agreements between simulation and measurement for all 
three states. The maximum gains for each frequency bands from simulation and measurement are 
presented in Table 1.  
 
Compared with other printed Yagi antenna designs, e.g., those listed in Table 1, the proposed 
antenna provides the highest gain at angle A = 10ᵒ, that is 8.167 dBi in measurement, however, 
its bandwidth is narrower. [204] shows higher value of gain than do other designs, but the size of 
this antenna is 43 mm longer than the proposed structure. Thus, besides the adaptive frequency 
operation, the proposed antenna with tapered balun provides good gain performance, and a low 





Figure 80 3D polar plot at 2.4 GHz when A = 90ᵒ. 
 
Figure 81 Radiation patterns for plane 𝜙 = 90ᵒ and θ = 90ᵒ of simulation and measurement. 
 
5.2.6. Comparison and Discussion 
 
Table 15 presents a comparison of the proposed antenna design, with reported Yagi-like antenna 
designs presented in the literature. A photo of each mentioned design is shown in the second 
column. There are two antennas designed for X-band in [201, 203], and one design in 15  for C-
band. Ref. [204, 206]operate on similar frequency bands with the proposed antenna, which is for 
1.2-1.4GHz in the L-band and 2.3–2.5 GHz in the S-band. Most of the listed antenna designs in 
Table 15  provide wide bandwidths, e.g., >33%, however, the antenna designs presented in [203, 
206] provide small bandwidths of 17% and 18%, respectively. Moreover, compared to all the 
antenna designs presented in Table 15, the one in [205] provides the widest bandwidth of 53.5% 
and the one in [204] provides the smallest bandwidth, at only 7.7%. It is noted that tapering a MS 
feeding line can help to improve the bandwidth, which is proved by [205, 206], while tapered 
baluns provide narrower bandwidth than CPW and CPS. In terms of the reflection coefficient, all 
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presented antenna designs provide a relatively small reflection coefficient. The proposed antenna 
provides a smaller reflection coefficient of −24.2 dB (e.g., band 1), as compared to designs in 
[201-205]. Compared to all antenna designs listed in Table 15, the proposed antenna provides the 
highest gain of 8.17 dB (band 1). In addition, the sizes of antennas are presented in the last 
column. In general, a higher frequency can lead to a smaller antenna size. Antennas in Ref. [201-
203] are smaller than others, as they are designed for the C-band and the X-band. Compared with 
antenna on L-band and S-band in [204, 206], the proposed antenna shows a reasonable size, that 
is smaller than the CubeSat surface. Although Ref. [205] provides a smaller size of only 76 mm 
× 86 mm, the gain of this design is less than 5 dBi. 
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1.3 −23.8 −14.5 5.47 5.28 









2.4 −18.4 −18.5 7.09 6.12 
[201] 
 




5–7 33% 5.6 −14 4.1–4.5 CPS 30 × 42.5 
[203] 
 
9.5–11.6 17% 10.9 −22 6.5 CPS 15 × 18 
[204] 
 





52 × 143 
[205]  
1.7–2.1 47.6% 1.8 −18 4.1 MS line 
 
76 × 86 
 







1.2–1.4 15.4% 1.3 −28 6.3 
Rectangular 
strip 
85 × 112 
 
1.18–1.41 18.6% 1.29 −37 6.4 Tapered strip 85 × 102 
 
5.3. Chapter Conclusion 
 
In this chapter, a novel design of a steerable Yagi-Uda antenna that operates in the S-band (e.g., 
2.45 GHz) and only requires a simple deployment mechanism is presented. The Yagi-Uda 
antenna proposed is a low cost alternative that can be used for CubeSat applications requiring 
beam steerable and directional antennas. A simple deployment mechanism using a linear actuator 
is proposed. The antenna design can achieve a total gain of 8.89dB and a small reflection 
coefficient of -16.7 dB with a -10dB bandwidth of 250MHz in simulation. Moreover, we have 
also presented a technique for mechanical changing the angle between the proposed antenna and 
CubeSat’s surface in order to steer the beam. The fabricated antenna proved that the antenna 
resonates at 2.45 GHz and provides a measured reflection coefficient of -14.6dB with a 
bandwidth of 200MHz and shows good steerability with a 100ᵒ scanning range and good 
directivity in its radiation pattern measured in the chamber. 
 
A compact design of a Yagi antenna that was printed on an FR4 substrate with an integrated 
balun is proposed. The proposed antenna provides an adaptive frequency operation in the L-band 
(1.3–1.4 GHz) and S-band (2.38–2.54 GHz and 2.82–3.08 GHz), using a simple deployment 
mechanism. However, the pointing accuracy of the antenna defined by angle A is of great 
importance, as it determines the operating frequency band of the proposed design. The main 
advantages of the proposed antenna are the low manufacturing cost, and its capability for multi 
frequency operation while maintaining high gain at the different frequency bands. Moreover the 
proposed antenna present a compact volume and low profile, making it a suitable candidate for 
CubeSat missions. The antenna design achieves a total measured gain of 8.16 dBi, 5.78 dBi, and 
6.12 dBi at 3 GHz, 1.3 GHz and 2.4 GHz respectively. It also achieves −10 dB bandwidths of 
250 MHz at 3 GHz, 100 MHz at 1.3 GHz and 190 MHz at 2.4 GHz. The measurements of the 
fabricated antenna are in good agreement with the simulation and proved the reconfiguration 






Chapter 6  Dual-Band Antenna Designs for CubeSat 
 
Any antenna design needs to comply with the size and the mass restrictions of CubeSats, and to 
provide space for solar cells while yielding a good radiation performance. Monopole and dipole 
antennas were common candidates for use on CubeSat in the earlier stages of CubeSat 
development, especially those that operate at low frequency bands of 144 MHz (VHF) and 435 
MHz (UHF) [79, 120, 208]. They provide wide signal coverage and, are simple and easy to 
construct. However, they are too large to fit into to the Cube when they are unfolded. Therefore, 
they are folded during launching and are deployed when they reach orbit. Their main limitation is 
their deployment mechanism that adds extra cost and complexity. Tape-spring models are ideal 
because they provide simple and cheap developed deployment mechanism. Examples of tape 
spring model are presented in [209] and [117] where the authors presented a simple deployable 
dipole antenna design using tape springs. Their main limitation, however, is the large occupied 
space on CubeSat when they are deployed. Also, there is a risk that the antennas might not deploy 
contributing to the likelihood of mission failure. Slot and patch antennas have been used and 
proposed for CubeSat communications [187]. They are inexpensive, have a low profile, easy to 
fabricate and do not require a deployment mechanism [99, 124, 210], For example, in [211] and 
[130], the authors proposed patch antenna designs for CubeSat. They reported gains ranging from 
4.8 dBi to 5.3 dBi and they operate at a single resonant frequency of 2.45 GHz. This means that 
two different antennas are required to provide two different operating frequencies and hence 
occupy more space on CubeSat’s surface as well as consuming more power. In this Chapter, two 
dual-band antenna designs are proposed for CubeSat that are compact but provide high gains. 
 
6.1. Design of Dual Band Loop Antenna with Metal Frame  
 
Metal frames integrated with loop or slot antennas have a small structure and are commonly 
designed for mobile and wearable devices. This type of antenna has never been proposed before 
for CubeSat applications. Metal frames with loop or slot antenna designs usually operate in the 
S-band and provide multiple band coverage with large bandwidth. Some examples can be found 
in [212-214], where small-size metal frames are integrated with loop or slot antennas acting as 
the main radiating element. To achieve impedance matching on the desired frequency band, the 
feeding and shorting point on the loop or slot antenna must be properly determined [215]. 
Considering the limited size on CubeSats along with the aforementioned features of metal frame 
antennas, we propose high gain S-band metal frame antenna for CubeSat communication. The 
main idea is to ground a 60mm  70mm printed antenna on a 100mm  100mm metal frame loop. 





6.1.1. Design Specifications 
 
The dimensions of the metal frame antenna are shown in Figure 82. The metal frame has a size 
of 100mm x 100mm which coincides with the top surface of the 1U CubeSat. The height of the 
frame is 5mm and the thickness is 0.3mm. An FR4 substrate with dielectric constant of 4.4 and 
dimensions of 60mm  70mm is placed at a corner of the metal frame ensuring the shorting and 
feeding point is connected to the frame. There is 4mm separation between metal frame and the 
printed part on substrate to gain good input matching. The feed position is located at 38mm from 
the righthand side of the substrate. The short location is placed about 1.25λ at 2.4GHz which is 
158mm from the feeding position. This is done to achieve a well-matched resonant mode 
covering the target frequency band. 
 
Figure 83 shows the proposed antenna on a 1U CubeSat model. In order to eliminate the effect of 
the CubeSat body on the antenna’s resonance and to achieve good input matching, there is a 
3mm gap between the substrate and the top surface of the CubeSat as shown in Figure 84. 
 
 
Figure 82 Layout of the metal frame antenna. (units in mm) 
 





Figure 84 Metal frame antenna on CubeSat in side view 
 
6.1.2. Simulation Results 
 
High Frequency Simulator Structure (HFSS) is used to simulate the proposed metal frame 
antenna. Figure 85 shows the reflection coefficient (S11) versus frequency. It can be seen that the 
antenna achieves a dual band resonance at 2.1 GHz and 2.4 GHz with reflection coefficients of -
21.3dB and -20.6dB respectively. The -10dB bandwidth on both frequency bands is narrow, 
corresponding to 40MHz at 2.1GHZ and 35MHz at 2.4 GHz. The real and imaginary part of 
input impedance are plotted in Figure 86, which proves that good dual band matching is achieved 
with a value of 51.55Ω-0.17j and 54.4Ω-8.67j at 2.1GHz and 2.4GHz respectively. The 
simulated 3D polar plots for total gains at 2.1 and 2.4 GHz are presented in Figure 87 and Figure 
88 respectively. It can be seen that the antenna provides high gains of 10.12dBi at 2.1GHz and 
10.48dBi at 2.4GHz along the direction of the z-axis. Moreover, unidirectional radiation patterns 
of the proposed antenna with minimum back lobes at 2.1 and 2.4 GHz are shown in Figure 89.  
 
 





Figure 86 Input impedance of the metal frame antenna 
 
Figure 87 3D polar plot of the metal frame antenna at 2.1GHz 
 
 





(a)2.1GHz                                                     (b)2.4GHz 





6.1.3. Measurement Results 
 
The fabricated prototype of the antenna is shown in Figure 90. An SMA coaxial connector is 
used at the feeding point to connect with the coaxial cable. The central pin of the SMA is 
soldered to the feeding point and outer pins are grounded to the metal frame. The shorting 
element is also grounded to the frame. Foam is placed as a supporting structure in between the 
metal frame and the CubeSat body. 
 
The measurement of reflection coefficient of the fabricated prototype was made using Keysight’s 
E5063A Vector Network Analyzer (VNA). Figure 91 shows the simulated and measured 
reflection coefficient versus frequency. The antenna has a measured reflection coefficient (blue 
line) of - 16.61dB with -10dB band width of 150MHz at 2.45GHz and -19.53dB with -10dB 
bandwidth of 130MHz at 2GHz. The measured and simulated reflection coefficients have the 
same shape. The measured bandwidths are larger than simulated bandwidths. These 
discrepancies between the measured and simulated results are caused by the limited accuracy of 
the etching process used and the antenna testing set up.  
 
The measurements of the fabricated antenna were conducted in the far field Anechoic Chamber 
located at the University of Wollongong. By putting the antenna under test (AUT) on the 
turntable, a series of radiated power levels (S12) from the AUT in the azimuth plane (θ = 90ᵒ) 
were obtained. The normalised measured radiation patterns are calculated and compared with the 





Figure 90 Fabricated metal frame antenna mounted on the 1U CubeSat model 
 
Figure 91 Simulated and measured reflection coefficient of metal frame 
 
The measured patterns show similar shapes with the simulation results in terms of maximum 
radiation directions at both frequencies. At 2.1GHz the main beam of the measured pattern is 
slightly narrower than the simulation. At 2.4 GHz, the power of back lobe in the measured results 
is larger than in the simulated results. The discrepancies can be attributed to several factors such as 
fabrication inaccuracies of the metal frame and the absence of the supporting foam structure 
between the CubeSat and the metal frame in the simulation. The measurement pattern shows the 
feasibility of the designed antenna and its ability to radiate reasonable power to the desirable 




Figure 92 Simulated and measured radiation pattern of metal frame antenna at 2.1GHz 
 
Figure 93 Simulated and measured radiation pattern of metal frame antenna at 2.4GHz 
6.2. Design of Dual-Band Folded-End Dipole Antenna 
 
In this section, a dipole antenna design with folded arms is proposed. Through folding the arms 
of dipole around the CubeSat body, it is not necessary to employ deployment mechanism but 
provide high gain and dual-band performance. Thus, it provides more space on the CubeSat’s 
surface for solar cells. It can operate at two operating frequencies, e.g., 2.5 GHz (S-band) and 4.7 
GHz (C-band) and is fed by a printed FR4 substrate. The substrate is designed to be included 
inside the CubeSat’s body and fed from inside the box.  
 
6.2.1. Antenna Design 
 
The layout of the proposed antenna is shown in Figure 94. The antenna is formed by two folded 
arms made from copper sheets. The thickness of the copper is 0.3mm and the width of the copper 
is designed as 5mm. Dipole arm 1 and dipole arm 2 are symmetric along the middle line. Each of 
them is 258mm-W/2 in length and is folded twice to create an open frame (W), where W is the 
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width of air gap 2 between the end of two dipole arms. The existing of air gap2 can improve the 
power of main beam to ensure a directivity radiation performance and increase the gain at the 
same time. Air gap one is where the antenna is fed by a printed FR4 substrate. As shown in Fig. 
2, the printed elements on substrate include a feeding line on top layer and a ground line on 
bottom with a balun. As shown in Figure 95, the feed line is connected to dipole arm 2 from the 
top layer while the ground line is connected to dipole arm 1 from the bottom layer. The balun is 
designed on the bottom layer that shorts the negative end to the positive dipole arm (arm 2) to 
cancel the reversed current on ground line. This is important as it results in a good impedance 
matching. The length of balun is 27 mm which is slightly less than 1/4 wavelength of 2.4GHz.  
 
Figure 94 Layout of proposed folded-end dipole antenna 
 
 
Figure 95 Layout of the printed FR4 substrate for feeding 
 
The antenna design is based on the concept of higher order mode excitation. Higher order mode 
excitation and higher frequency operation is allowed by folding the ends of the dipole around the 
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CubeSat body [216, 217]. There are two dominant resonant modes as it can be seen by the 
current distributions in Figure 2 and Figure 3. This results in dual-band operation of the dipole at 
2.5GHz and 4.7GHz.  
 
 
Figure 96 Current distribution of folded-end dipole for the 6th mode at 2.5GHz 
 
 
Figure 97 Current distribution of folded-end dipole for the 12th mode at 4.7GHz 
 
Figure 98 (a) and (b) shows the proposed folded dipole antenna placed on a 3D model of 1U 
CubeSat and top view respectively. The 1U CubeSat is formed by 6 plastic sheets with 1mm 
thickness. There is a rectangular hole on surface to allow crossing of the FR4 substrate and 
feeding the antenna from inside box. The hold is 40mm long and 2.6mm width. As can be seen 
from the top view, there is a gap between dipole arms and CubeSat body which is 2mm all way 
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around. Figure 99 presents the side view of the model from surface A, which shows that the 
dipole is 5mm down from the CubeSat top.  
 
(a) 3D model                             (b) Top view 
Figure 98 Folded-end dipole antenna on 1U CubeSat: (a) 3D model and (b) Top view 
 
 
Figure 99 Side view of Folded-end dipole antenna on CubeSat 
 
6.2.2. Simulation Results 
 
The proposed antenna was evaluated using High Frequency Simulator Structure (HFSS) [185]. 
Figure 100 illustrates the reflection coefficient (S11) with the following air gap widths (W): 5, 10, 
15, 20, and 25 mm. Other parameters are fixed. The proposed antenna operates at 2.5 GHz (S-
band) and 4.7 GHz (C-band). It can be seen that the air gap width has an effect on 10-dB 
bandwidth and the reflection coefficient, and S11 increases proportionally with W. Also, the 10-
dB bandwidth decreases when W increases, e.g., exceeds 5 mm and vice-versa. The best value of 
W is 5 mm, which gives small S11 of -38.6 dB and wide bandwidth of 460 MHz. Moreover, as 
we can see in Figure 100, Table 16 and Table 17, the variation of air gap W has less effect on C-
band as compared to S-band. It can be seen that at an operating frequency of 4.7 GHz, the 
increment of W from 5mm to 25mm leads to an increase of -10 dB bandwidth from 100 MHz to 
220 MHz, and of S11 from -29.5 dB to -23.58 dB. The optimal W parameter that provide good 
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performance with good agreement with measured results is W = 15 mm.        
 
Figure 100 Simulation of reflection coefficient of folded-end dipole antenna on S-band 
 
Table 16 -10 dB bandwidth and S11 with different W at 2.5 GHz 
W (mm) Bandwidth Range (GHz) -10 dB Bandwidth (MHz) reflection coefficient (dB) 
5 2.26-2.72 460 -38.63 
10 2.30-2.72 420 -24.10 
15 2.34-2.68 340 -20.01 
20 2.36-2.66 300 -17.60 
25 2.36-2.64 300 -16.19 
 
Table 17 -10 dB bandwidth and S11with different W at 4.7 GHz 
W (mm) Bandwidth Range (GHz) -10 dB Bandwidth (MHz) reflection coefficient(dB) 
5 4.66-4.76 100 -23.58 
10 4.64-4.76 120 -29.50 
15 4.62-4.80 180 -18.36 
20 4.60-4.80 200 -19.06 
25 4.60-4.82 220 -21.20 
 
Figure 101 depicts the simulated input impedance (real and imaginary parts) of the proposed 
folded dipole antenna in the 2 – 4.9 GHz frequency band. It is noted that a good input impedance 
matching is obtained at 2.5 GHz with 50.35Ω real part and -1.12j imaginary part (capacitance). 
The input impedance at the resonant frequency of 2.5 GHz is 50.35-j1.12. Moreover, at 4.7 GHz, 





Figure 101 Simulation of antenna impedance of folded-end dipole antenna 
 
Figure 102 (a) and (b) compares the simulated patterns of the proposed folded dipole antenna on 
1U plastic CubeSat at 2.5 and 4.7 GHz respectively with the following W: 5, 15, and 25 mm. 
Other parameters are fixed. It can be seen that the air gap width (W) has almost no effect on the 
radiation patterns at both operating frequencies. As set out in Table 18, the maximum achieved 
gains at 2.5 and 4.7 GHz were 7.94 dBi with W=25 mm and 7.38 with W=20 mm. As a result, 
with W enlarge from 5mm to 25mm, the gain of antenna increases from 7dBi to 7.94dBi at 
2.5GHz and fluctuate between 4.9dBi and 7.38dBi at 4.7GHz with maximum gain achieved 
when W=20mm. 
 
(a) 2.5GHz                                 (b) 4.7GHz 
Figure 102 Radiation pattern o of folded-end dipole antenna at plane θ=90ᵒ 
 
Table 18 Maximum Gain 
W (mm) 5 10 15 20 25 
Gain at 2.5GHz (dBi) 7.00 7.35 7.55 7.88 7.94 
Gain at 4.7GHz (dBi) 5.00 4.99 4.90 7.38 5.19 
 
6.2.3. Measurement Results 
 
In order to verify the obtained simulated results using HFSS, we have fabricated the folded 
dipole antenna and tested on 1U plastic CubeSat. As shown in Figure 103(a) and (b), the 
fabricated antenna consists of two parts including a printed feeding FR4 substrate with dielectric 
constant of 4.4 and two arms of folded dipole made of copper with thickness of 0.3 mm and 
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width of 5 mm, respectively. The 1U CubeSat is made of plastic (ABS) and is created using 3D 
printer at UOW’s CubeSat lab. The copper arms of antenna are wrapped around the plastic 
CubeSat and the feeding network on FR substrate is included inside the CubeSat body. A Sub 
miniature version A (SMA) coaxial connector was used to feed the substrate and the copper is 
welded on the substrate.  
 
Figure 103 A photograph of the fabricated prototype folded-end dipole antenna 
 
The measurement of the fabricated folded dipole antenna’s characteristics was conducted using 
using Keysight’s E5063A Vector Network Analyzer (VNA). The measurement of the antenna 
radiation pattern was conducted in a far-field anechoic chamber located in the Laboratory at the 
University of Wollongong, cancelling any interference from the outside and minimizing any 
unwanted reflections, hence ensuring that the measurement environment is close to the HFSS 
free space simulation environment.  
 
Figure 104 shows the simulated and measured reflection coefficients of the fabricated antenna in 
the S-band and C-bands versus frequency, with W=15 mm; all are in agreement with simulation 
results from HFSS as they have same shape with similar operating frequencies. It can be seen 
that the measured reflection coefficient is -17.86 dB at 2.5 GHz and -13.58 dB at 4.7 GHz, both 
are slightly higher than simulation results at the corresponding frequency. The measured -10 dB 
bandwidths at 2.5 GHz and 4.7 GHz are 500 MHz (2.25 – 2.75 GHz) and 250 MHz (4.6 – 4.85 
GHz) respectively. It is noted that the measured -10 bandwidths for both operating frequencies 
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are wider than the simulation results. Figure 105 (a) and (b) shows the simulated and measured 
radiation patterns of the proposed antenna at 2.5 GHz and 4.7 GHz respectively. The simulated 
and measured radiation patterns at 2.5 and 4.7 GHz are similar. The total measured gains of the 
proposed antenna are 7 dBi at 2.5 GHz and 7.3 dBi at 4.7 dBi.       
 
 







Figure 105 Radiation Pattern of folded-end dipole antenna at (a) 2.4GHz and (b) 4.7GHz. 
 
 
6.2.4. Comparison and Discussion 
 
Table 19 presents a comparison between the proposed antenna and different monopole/dipole 
and loop antennas for CubeSat communications. Specifically, two monopole antennas were 
designed in [119] [7] and [218] [8], and [219]  proposed a dipole and monopole antenna system. 
Those antennas operate on VHF and UHF, and present a large size which is 4 to 9 times longer 
than the edge of a 1U CubeSat, while achieving a maximum gain of 3.35dBi and a narrow 
bandwidth of 30MHz. A G-shaped loop antenna was proposed in [218] providing a relatively 
larger bandwidth of 147MHz in one of its structures while only 77MHz and 58MHz in the other 
two. The G-shaped antenna provides a maximum gain of 2.7dBi. Compared the aforementioned 
CubeSat antenna designs, the proposed folded-end dipole antenna presents a highly compact 
structure achieved by folding the ends of dipole arms and does not require any deployment 
mechanism. It provides a dual-band dipole antenna solution for CubeSats operating in the S-band 
and the C-band. It is also superior in terms of bandwidth and gain achieving 340MHz bandwidth 
and 7.55dBi gain at 2.5GHz and 180MHz bandwidth and 4.9dBi at 4.7GHz. 
 











[119] Monopole 144 10 2.06 513.6mm×10mm×10
mm 438 30 3.35 
[120] Dipole and 
Monopole 
144 6 2.02 313.5mm×980mm 
435 30 2.43 
[218] G-shape 
loop 
330 147 2.705 25×25cm 
180 77 2.52 45.8cm×45.8cm 
150 58 2.45 55×55cm 
[219] Monopole 149 13 1.72 101mm×408.9mm 
398 10 3.11 
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[117] Tape Spring 
dipole 





2400 340 7.55 104mm x104mm 
 
6.3. Chapter Conclusion 
 
In this Chapter, two dual-band compact antenna are designed for CubeSat. Firstly, a high gain S-
band metal frame integrated with a loop antenna is proposed. It has a low profile, provides 
directional radiation performance and operates at 2.1 and 2.4 GHz. The proposed antenna provides 
a high gain of 10.12dBi at 2.1GHz and 10.48dBi at 2.4GHz. The measured results at 2.45GHz 
show that the antenna provides a small reflection coefficient of -16.61 dB with a -10dB bandwidth 
of 150MHz. The measured results at 2.1GHz show that the antenna achieves a small reflection 
coefficient of -19.53 dB with a -10dB bandwidth of 130MHz. The proposed antenna displays a 
directional radiation performance of the design verified by far field measurements inside an 
anechoic chamber and shows a good match with the simulation pattern. 
 
Besides, a folded-end dipole antenna that operates in S-band and C-band for CubeSat 
communication are presented. By exciting higher order modes and folding the ends of dipole, 
dual-band performance is achieved at a higher frequency bands as compared to traditional dipole 
antennas. The microstrip line is implemented on FR4 substrate and is placed inside the CubeSat’s 
body. Enlarging of the gap between the two ends of dipole the impedance matching can be tuned. 
Simulation and measured results show that the proposed antenna has a reflection coefficient that is 
well below -10dB at both resonant frequencies of 2.5 GHz and 4.7 GHz with measured -10dB 
bandwidths of 500 and 250 MHz respectively.  Moreover, the folded dipole antenna provides a 






Chapter 7  Conclusion 
 
Communication subsystem is one of the most significant part for a CubeSat missions. It is 
necessary and important to ensure efficient communication links between the earth and the 
satellite as well as among different satellites. Antennas with light weight and compact size are 
more preferred by the CubeSats due to the limit real estate onboard. For this term, a higher 
operating frequency such as S-band and C-band can be a good choice because the antenna in 
those bands can be relatively smaller and are likely to avoid deployment mechanisms. However, 
an efficient communication link is determined by the performance of the antenna such as return 
loss, gains and radiation patterns. Increasing the gain of antenna but keeping it compact in size 
becomes one of the challenges for CubeSats, especially for those requiring more challenging 
missions. In this thesis, a comprehensive survey based on plenty of existing antennas for various 
CubeSat missions are present. By comparing the types of monopole/dipole antennas, 
patch/microstrip antennas, conical spiral antennas and antenna arrays, an analysis and guidance 
of how to select suitable types of antenna are proposed in Chapter 2. 
 
Based on the methods of HFSS simulation and Anechoic Chamber measurement, six different 
antenna designs with compact structure are proposed for UOW’s CubeSat project. Compared 
with existing antenna designs for CubeSats, all proposed antennas provide low profile but higher 
gains and offer flexibility in terms of steerability and frequency selection. In Chapter 4, two 
concept of antenna designs combined with arraying technologies are proposed. Firstly, a 31 
dipole antenna array and a cluster of three 31 dipole antenna arrays for CubeSats are proposed. 
A high gain of 5.03dBi and wide directivity are achieved. Then, a novel design of high gain 
printed Yagi antenna and a two element Yagi antenna array for 3U CubeSat are presented with a 
numerical analysis of the Yagi antenna array included. The antenna array achieves good 
impedance matching with a return loss of -26.47 dB at the desired frequency of 2.47 GHz, a -
10dB impedance bandwidth of 134 MHz (2.396-2.530 GHz) and has a total gain of 6.41dB. 
Theoretically, for both the array designs, each array of the antenna can theoretically be used on a 
separate frequency, and steerability can be achieved through adjusting the phase difference 
among the array elements.  
 
A mechanically steering mechanism is applied on the designs in Chapter 5. A steerable Yagi 
antenna implemented on a dielectric is proposed for S-band CubeSat communications. The 
steerable Yagi antenna consists of 3 elements lying on an FR4 substrate forming an angle with 
the CubeSat’s surface. The key idea is to mechanically control the angle between the proposed 
antenna and the CubeSat’s surface to achieve steerability and hence establish inter-satellite link. 
A scanning angle of 60 degrees can be achieved which could potentially support a variety of 
CubeSat missions. Based on the similar adjustment mechanisms, another printed Yagi antenna 
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are designed with an integrated, which can achieve three states in difference frequency bands and 
thus enable frequency tilt operations. The measured gain of the antenna is 8.167 dBi at 2.4 GHz, 
5.278 dBi at 1.3 GHz and 6.120 dBi at 3 GHz.  
 
Another two compact designs of dual-band antenna are proposed in Chapter 6. A high gain S-
band metal frame antenna for CubeSat communication is designed with the main idea to ground 
a 60mm  70mm printed antenna on a 100mm  100mm metal frame loop. The simulation 
results show that the antenna on CubeSat can achieve a maximum gain of 10.48dBi and dual 
band performance on S-band. A folded-end dipole antenna that operates in S-band and C-band 
for CubeSat communication to avoid deployment mechanism are designed. Simulated and 
measured results show that the proposed antenna has a reflection coefficient that is well below -
10 dB at both resonant frequencies of 2.5 GHz and 4.7 GHz with measured -10-dB bandwidths 
of 500 and 250 MHz respectively. Moreover, the folded-end dipole antenna provides a measured 
gain of 7 dBi in the S-band (2.5 GHz) and 7.3 dBi in the C-band (4.7 GHz). 
 
All the proposed antenna and antenna arrays are cheap and easy to fabricate, do not need 
deployment mechanisms, but can achieve good impedance matching and relatively high gains. 
They offer promising solutions to future CubeSat applications that require steerable inter-satellite 
links and long-distance communications. In the future, with the frequency band for CubeSat are 
moving to higher frequencies, some additional features of antennas have to be considered for 
future use, such as electronic steerable beam and flexible deployment mechanism, which will be 
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